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In 1969, Professor Tokio Yamamoto (Nagoya University) published a review paper on sex differentiation in fish. He provided evidence that treatment with estrogen and androgen at the crucial period of gonadal sex differentiation in teleosts causes sex reversal from genetic sex to phenotypic gender. On the basis of many experiments using the Japanese medaka (Oryzias latipes), he hypothesized that sex differentiation in fish is controlled by the endogenous sex hormones; estrogen
Morphological and Physiological Studies on Gonadal Sex Differentiation in Teleost Fish
Masaru Nakamura 1,2 *
Introduction
When I was undergraduate student, almost 40 years ago, Associate Professor Hiroya Takahashi, Faculty of Fisheries, Hokkaido University, presented a lecture on "Comparative Endocrinology in Fish." This fascinating lecture inspired greater interest for the students in the physiological mechanisms of reproduction in fish. The artificial manipulation of sexual differentiation in fish has enormous potential for aquaculture. Therefore I selected "gonadal sex differentiation and artificial sex or estrogen-like hormones induce ovarian differentiation, while androgen or androgen-like hormones induce testicular differentiation. However, there were only a few more researchers working on sex differentiation in fish during the 1960s and the 1970s, and few publications dealt with this topic. There are two important aspects in this area of research: the physiological mechanism of sex differentiation in fish, and its application in aquaculture. In the initial study, the roles of endogenous sex hormones on gonadal sex differentiation provided to be of particular interest. The second aspect concluded that the introduction of the technique of sex control by sex hormones gives the potential to greatly benefit aquaculture as described later.
At that time, Professor Kiichiro Yamamoto who was the professor in our laboratory, was studying on the artificial induction of sexual maturation in males and females of Japanese eel (Anguilla japonica), and the artificial insemination, through treatments with various hormones. Fortunately, it was possible for me to participate in these research projects as an undergraduate and later, as a graduate student. Professor K. Yamamoto succeeded in inducing artificial maturation in both males and females, and became the first investigatior who induced the larval production of Japanese eel (Yamamoto and Yamauchi 1974; Yamauchi et al. 1976) . His success, and the opportunity to participate in this project led me to the realization that the accumulation of fundamental data based on a large number of basic experiments is essential for the establishment of an effective technique. This important experience resulted in my personal philosophy.
Section 3 describes the application of the electron microscope (EM) to research into the process of gonadal sex differentiation-a technique that provides essential information for study in this area. In the late sixties, Professor K. Yamamoto spent a year in the U.S.A. in order to learn the techniques of electron microscopy. Upon his return to Japan, he formalized and applied these techniques for use in the Laboratory of Fresh-Water Fish-Culture, Faculty of Fisheries, Hokkaido University. By 1970, several of the lab's graduate students-Dr. Osamu Hiroi, Dr. Takehiro Yahata, Dr. Yoshitaka Nagahama, Dr. Kiyoshi Ishii, and Dr. Nobuaki Takahashi started using electron microscopy in their researches. Under their guidance and supervision, I could easily master the techniques for EM manipulation, once easily mastered I consequently used them to study gonadal sex differentiation in fish. The EM used at that time was a Hitachi H-6 (a relatively less advanced miciscope), which precisely because of its shortcomings and the technical difficulties encountered, led to an insight into, and understanding of, the mechanism of electron microscopy-all in all, a very enjoyable method of research. Observations of gonadal differentiation and development using EM, provided information on the cells and tissue structures of gonads in fish. This knowledge eventually contributed to an understanding of the restructuring of gonadal tissues during sex change in fish-this will be described in a future monograph.
Tilapias were the primary animals used in this research. They are still important for aquaculture in tropical and subtropical areas. Sex control in tilapia is expected to bring about an inestimable benefit for aquaculture. In addition, tilapias were found to be easily cultivated and, in favorable conditions, will breed often and lay large numbers of eggs (Nakamura 2003) . As described in Section 4, it was essential to obtain genetically controlled all-female and all-male individuals for these experiments. It was relatively simple to induce all-female fry by using XX-males (pseudomales) due to the well-documented process of sex reversal in genetic females by androgen treatment. In order to produce all-male off spring, it was essential to obtain YY-males (super males), but it was very difficult to induce them. These were eventually purchased from a fishery in the Philippines.
This sex differentiation research, spanning 40 years, can be divided into three areas based on developments in research interests accompanied with innovation of analysis: 1) Morphological studies of gonadal sex differentiation in teleost fish, and artificial sex reversal by sex hormones and endocrine disruptors; 2) Ultrastructural observations on the differentiation of steroid-producing cells (SPC) during the course of gonadal sex differentiation in fish; and 3) Roles of endogenous sex hormones on the sex differentiation of fish.
The endocrine mechanism of several types of sex change in tropical fish has been my major research interest in the Sesoko Station University of the Ryukyus over the past decade, and as space does not permit a longer description, it will be described in a future manuscript.
Morphological studies on gonadal sex differentiation in several teleost fish and artificial sex reversal by sex hormones
In the 1970's, there are increasing needs in various countries of the world to search for new techniques of fish propagation to bring fish productivity to an economically profitable level. The current techniques may include an "artificial control of sex" of selected species of fishes, which has been practiced with a great prospect on some commercially valuable fishes in several countries. The significance of sex manipulation of fish in fisheries management has been emphasized by Schreck (1974) in his review on that subject.
For example, achievement of monosexual populations renders it practical for pond culture of such fishes, as tilapias in which females get mature early and subsequently remain quite smaller than their mar-ket size. They are known to grow fully large in size when cultured as monosex stocks (Hickling 1963; Guerrero 1975 Guerrero , 1976 . A comparable situation may exist in cultured salmon stocks in which males usually undergo precocious sexual maturation accompanied with various changes, such as a loss of food conversion rate and a deterioration of flesh quality, that may reduce their market acceptability (Johnstone et al. 1978) : if all-female stocks of the fish became available, the problems associated with maturation would be reduced in salmon culture. Moreover, in salmonid fishes, since one male is generally enough to fertilize three females in the case of artificial insemination, and since females are more valued than males on a commercial basis, sex reversal of superfluous males to females could contributed not only to the development of salmonid resources but to the efficiency of salmon fisheries management.
It is obvious that, in attempting the control of sex in fish, exact knowledge of gonadal development, from differentiation of germ cells into either sex to definite structural ripeness of ovaries and testes are essential. A considerable number of studies has been conducted to date with sex differentiation and development of the gonad in teleost fishes (Yamamoto 1969; Hoar 1969 ). The results from these studies seems to have stressed the occurrence of extensive varieties in histological processes of gonadal sex differentiation among different species of fish. It makes difficult to draw a generalized picture of histological sex differentiation for these fishes. Some studies have mentioned that the sex in teleosts is unstable as compared with that in other vertebrates (Reinboth 1970; Harrington 1975) , but the exact mechanism, except for the genetic one, underlying such a lability of sex still remains to be clarified. If the mechanism implicated in such a phenomenon becomes phenotypically recognizable so as to know its response to various factors intrinsic or extrinsic to the fish, exactly as it does in amphibians (Witschi 1957) , it would become easier to look for some means of directing the sex of fish artificially.
It is apparent that the critical period lies in close association with the period of sex differentiation of the gonad. There is, however, a great paucity of information about precise characters, particularly from histological criteria, of the critical period of gonadal sex differentiation. The significance of the critical period should be reanalyzed from the viewpoint of developmental changes of somatic as well as germinal cells of the gonad in response to exogenous hormones. The work on this field of research also seems to shed some new light on the physiological mechanism of sex differentiation of the gonad of teleosts.
2-1. Morphological characteristics of normal gonadal sex differentiation
The aim of the present study is to solve the basic problems concerning artificial induction of sex reversal in teleots by the treatment with sex hormones. First, to establish the criteria for determining gonadal sexes histologically in the initial phase of gonadal differentiation, normal processes of gonadal sex differentiation were observed and compared among three species of teleosts, with special reference to the behavior of somatic elements of the gonad during that process. The processes of gonadal sex differentiation in two species of fish, whitespotted char, Salvelinus leucomaenis and Mozanbique tilapia, Tilapia mossambica to compare the characteristics of the processes, in different families among teleosts, and habitats between frigid and tropical zone.
2-1A. Gonadal sex differentiation in whitespotted char, S. leucomaenis
Alevins of this species, 71 fish in total, were sacrificed at intervals of 1-2 weeks from 40 to about 250 dph, and their gonads were histologically examined.
Sexually indifferent period A pair of gonadal anlages of fish at 40 days post hatch (dph) was located on both sides of the dorsal root of mesentery (Fig. 1) . They ran caudalwards from the level of the proximal region of pectoral fins, and ended in the peritonaeum near the genital pore. Germ cells were seen to be solitarily distributed and evenly throughout the whole length of the gonadal anlages. The germ cells were each provided with a large nucleus of circular or oval form and a clear cytoplasm, and were surrounded by a small number of somatic cells (Fig. 1) . Although germ cells undergoing mitotic division were not detectable, mitosis of somatic cells was frequently found in the gonads at this age.
Dividing germ cells were often observed in the anterior region of gonads of the fish at 47 dph (Fig. 2) . From 61-75 dph, no remarkable development was noticeable either in germinal or somatic elements of the gonad.
At 89 and 103 dph, paired gonads each projected by a thin and short mesogonium from the dorsal peritoneal wall into the coelomic cavity. Somatic and germ cells of these gonads slightly increased in number, and some clusters of germ cells were smaller than those of the previous age that were present frequently in the anterior region of the gonad (Fig. 3) .
In 6 out of 12 specimens examined at 115 dph, the gonads had many cysts of germ cells together with large solitary ones in the anterior region (Fig. 4) . In the remaining 6 fish, gonads were found to have large solitary germ cells scattered in the gonadal stroma, though the germ cells were sometimes observed at times in mitosis, in the anterior region (Fig. 5) . No apparent differences in histological aspects of stromal cells were detected between the two different types of gonads at least at that age.
Ovarian differentiation Histological differentiation of the above-mentioned two types of gonads became increasingly evident toward 131 dph. At that age, gonads of one type had many cysts of premeiotic germ cells (oocytes) in their anterior region along with cysts of germ cells (oogonia) which had increased in number, indicating their ovarian nature. Stromal cells in these gonads were found to be crewed especially along the side facing the mesentery (Fig. 6) . Gonads of the other type were completely devoid of premeiotic germ cell cysts and still retained solitary gonial germ cells (spermatogonia) dispersed in increased stromal tissue (Fig. 7) .
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The presence of cysts of premeiotic oocytes were evident in ovaries at 146 dph (Fig. 8) . At 159 dph, cysts of premeiotic oocytes showed an increase in number, and stromal cells along the median side of ovaries also gradually increased in amount, in which a few blood vessels began to appear. Stromal tissue of the lateral side of ovaries was very thin and formed a layer covering the germ cells (Fig. 9) .
In ovaries examined at 174 dph, premeiotic oocyte further increased in number in the anterior region (Fig.  10) , and some of them reached the auxocytes stage of oogenesis. Owing to such a development of germ cells, the anterior part of the ovaries showed intense swelling.
Later, by 250 dph, many auxocytes were found to develop and to occupy the anterior region of ovaries. By that time the distal part of the ovary started to fold toward the dorsolateral side to make a groove intruding deeply into the ovarian tissue (Fig. 11) . The groove seemed to close itself at its edges, since an entoovarian cavity was observed to be shaped in the anterior region of the ovary (Fig. 12) . However, the middle and posterior regions of the ovary were evidently lacking such a cavity, still consisting of a small amount of stromal tissue and a few auxocytes, and static oogonia. A few thick blood vessels appeared on the median side of the proximal region of the ovary.
Testicular differentiation Some of the gonads observed at 131 dph could be regarded as testis by the presence of large germ cells (spermatogonia) which were located dispersely and solitarily in the stromal tissue (Fig. 7) . A few narrow lumina were present in the stromal tissue of the anterior of the testes at that time (Fig. 7) . The lumina, or anlages of blood vessels, only occurred in the proximal region of testis and on the side facing the mesen- tery. The posterior region of testis consisted of a few spermatogonia surrounded by scanty stromal cells. In the testes examined at 146 and 159 dph, stromal cells having increased in number in the anterior region though spermatogonia were still quite quiescent and existed quite dispersedly (Fig. 13) .
In the testes at 174 dph, narrow lumina in the stromal tissue of the proximal region differentiated into an artery and a vein. Other lumina, which seemed to develop into the sperm duct, were found to exist near the blood vessels (Fig. 14) . Spermatogonia were still large in size (12 µm diameter) and distributed singly in the stromal tissue of anterior region (Fig. 14) . In testes at 250 dph, blood vessels were more expanded than in the preceding period. Moreover, the lumina existing around blood vessels increased in size and number. Germ cells also slightly increased in number but were still singly distributed in the stromal tissue (Fig. 15) .
Discussion
In the present study, the origin of stromal cells of gonadal primordial in the whitespotted char, Salvelinus leucomaenis, could not be determined since the germinal ridges had already been formed when the observation started. The dualistic structure of gonads, which is manifested particularly in the sexually indifferent stage in amphibians (Witschi 1957) , was never evident in the gonads of the char prior to and throughout the stage of sex differentiation. As many investigators have reported in other teleost fishes, stromal cells in the gonads of the char seems to be of monistic origin. Tuzuki et al. (1966) and Satoh and Egami (1972) reported in medaka, O. latipes, that germ cells in possible ovaries were greater in number than those in possible testes, and that the meiosis of germ cells occurred earlier in the ovaries than in the testes. As many investigators have noticed, the early appearance of premeiotic germ cells was one of the criterias for morphological judgement of initial differentiation of ovaries in teleosts including salmonids such as Oncorhynchus keta (Robertson 1953) , Salmo trutta (Ashby 1957) , Salmo gairdnerii (Okada 1973a; Takashima et al. 1980) and Oncorhynchus masou (Nakamura et al. 1974) . In the whitespotted char, S. leucomaenis, too, the appearance of premeiotic germ cells in gonads of some of the fish examined at 131 dph was a reliable feature to indicate the differentiation of these gonads into ovaries.
Another histological feature of ovarian differentiation in the char was the increment in stromal cells of the gonad alongside facing the mesentery. In the stromal tissue, a few blood vessels made their appearance later. Nakamura and Takahashi (1973) revealed that initial differentiation of the ovary of Tilapia mossambica was characterized not only by early appearance of premeiotic germ cells but also by the development of stromal tissue in the gonad to form the ovarian cavity. Although the aggregation of stromal cells in gonads of the char did not indicate their participation in the formation of the ovarian cavity, it could be considered as a characteristic for ovarian development. Such a characteristic development of gonadal stroma has not been described for ovarian differentiation in other salmonids.
On the other hand, opinions are rather conflicting with regard to morphological characteristics indicating the initiation of testicular differentiation in teleost fishes, because germ cells in future testes usually remain quiescent for a long time. For example, the transition from spermatogonia to spermatocytes in testes of masu salmon, O. masou, does not occur until the time just before the fish begin their anadromous migration (Hiroi and Yamamoto 1970) . As mentioned before, however, organization of somatic cells of the gonad during the course of morphological sex differentiation is often sex-specific and successfully manifests the gonadal sex. Ashby (1957) reported that, in Salmo trutta, an increase in the amount of both vascular and connective tissues, which was regarded by Pandry (cited from Ashby 1957) as a diagnostic masculine feature of juvenile salmon, was an obvious change in early testicular development. In rainbow trout, S. gairdnerii, the initial testicular differentiation was marked by the development of seminiferous tubules (Okada 1973b) and by the differentiation of follicular and Sertoli cells (Takashima et al. 1980) . In O. masou, the development of blood vessels surrounding a cavity was observed in future testes and in the hilar tissue facing the mesentery (Nakamura et al. 1974) . In the char observed in the present study, primordial of efferent ducts and blood vessels occurred in stromal tissue of the proximal region of the gonad by 131 dph, showing the morphological differentiation of testis initiated at that age.
It is interesting to note that a residual ovarian cavity is restricted to the cranial part of ovaries of the char. Nakamura et al. (1974) previously revealed that in O. masou, an ovarian cavity of the parovarian type was formed only at the cranial region of ovaries during their early development. Robertson (1953) noted in the chum salmon, O. keta, that an endoovarial canal was formed by the curving of the distal edges of ovaries toward the lateral sides at 69 dph. The auther also confirmed that a residual ovarian cavity was formed in the anterior region of ovaries of chum salmon (unpublished data). Similar phenomena was noted in the Atlantic salmon, S. salar, and in rainbow trout. S. gairdnerii (cited from Robertson 1953) . Thus it is likely that the formation of such a residual ovarian cavity is common in the ovary of salmonid fishes.
2-1B. The Mozambique tilapia, Tilapia mossambica
Several broods of hatchlings and juveniles of the tilapia were employed as materials in the present study. Histological examinations of gonads were made at intervals of 3-5 days for the first 40 dph and at intervals of about 10 days during the successive period of more than two months.
Sexually indifferent stage
In newly hatched larva, the so-called primordial germ cells, which averaged about 40 in number in a fish, were found to be localized along the dorso-median region of the peritoneal wall at the dorsal root of undeveloped mesentery (Fig. 16) . The germ cells were easily distinguishable from the somatic ones by their definite, circular shape, a clear aspect of the cytoplasm, and larger nuclear and cellular size of 8-11 and 13-16 µm, respectively. Moreover, some of them contained a few yolk platelets in their cytoplasm (Fig. 16, inset) . In only a few cases, presumable primordial germ cells were found to exist singly in some places away from the presumptive gonadal region (Fig. 17) .
The germ cells still retained the cytological features of primordial germ cells at 3 dph. By that time they began to shift bilaterally from the dorsal root of mesentery to be located in the paired, presumptive gonadal regions and to protrude, with a small number of somatic cells enclosing them, into the peritoneal cavity (Fig. 18) . This change was more remarkable in the anterior region than in the posterior primordial gonad thus formed, and in the latter region the germ cells frequently occurred still closely adjacent to the dorsal root of the mesentery. The germ cells showed cephalocaudally a roughly beaded alignment interspersed with obscure ridges of peritoneal cells which were, at times undergoing mitotic divisions. No prominent changes were observable in histological study and in the number of germ cells of the gonad at 6 dph. However, the paired arrangement of gonads became to be established more distinctly than before. Active mitotic divisions of the germ cells which had become completely deprived of yolk platelets in the cytoplasm were seen in most of the gonads examined at 11 dph. It was presumed, by inspecting the change in number of the germ cells in this and previous stages, active multiplication of germ cells had begun by 8-10 (Fig. 24) . The initiation of ovarian differentiation is noticeable in the occurrence of premeiotic germ cells (Fig. 21 ) and in the elongation of somatic ridges (Fig. 22, arrows) for ovarian cavity formation in the gonad at 20 dph. OC, ovarian cavity (Fig. 23) . Transverse sections through testes of normal males at 20 dph ( Fig. 25 ) and 25 dph (Fig. 26) . The development of efferent ducts (ED) as slits in the stroma tissue begins at 20 dph. (Fig. 25) . Transverse sections through ovaries (Fig. 27 ) and testes ( Fig. 28 ) of normale fish at about 60 dph. Note the difference in topographic position in the gonad between ovarian cavity (OC) and efferent duct (ED dah. As a result, the germ cells became smaller than before, measuring 11-12 µm in size, making clusters of several cells especially in the anterior region of the gonad (Fig. 19) . In this stage, each gonad was evidently seen to be suspended from the dorsal peritoneal wall into the coelomic cavity by a thin sheet of somatic cells, a mesogonium. Later on, the germ cells continued to gradually increase resulting in a pogressive enlargement of gonads. The somatic cells of gonads, which constituted a stromal tissue embedding the germ cells, also showed a slight increase in amount. All the gonads observed at 16 dph were, however, as yet almost similar in their essential histology to one another and to those observed in the preceding stage, and were regarded as being sexually indifferent at least morphologically (Fig. 20) .
Ovarian differentiation
The gonads of some of the fish examined at 20 dph not only possessed a few single and clustered gonial cells but also many cysts of germ cells in meiotic prophase (Fig. 21) . The somatic elements of these gonads also concomitantly displayed a characteristic change at this period: they begun to extend two tissue sheets from both the distal and proximal edges of the gonad along the lateral side facing the lateral peritoneal wall (Fig. 22) . The two elongating sheets of the gonadal stroma were developed at each dorsal and ventral to form grooves between them and the gonad proper, the ventral elongation from the proximal edge being more conspicuous than the dorsal one from the distal edge of the gonad. They eventually found to fuse with each other at their free edges, thus constructing a flat cavity lying along the lateral side of gonad (Fig.  23) . The position and structure of this cavity fairly coincided with those of ovarian cavity of defined ovaries, and it was possible to regard the gonads with these developments of germinal and somatic elements as ovaries. In general the formation of the ovarian cavity appeared to begin in the anterior region of the gonad and to gradually proceed in the caudal direction. A perfect construction of the ovarian cavity along the whole length of the ovaries became noticeable more than 35 dph. The paired ovaries were arranged progressively converging toward the caudal direction, and at their caudal ends nearby the urinary bladder, the ovarian cavities became to be confluent with each other to open into a single oviduct.
Testicular differentiation
The testicular differentiation of the gonad appeared to occur at about the same period as that of ovarian differentiation. At 20 dph, while some of the fish examined were provided with the gonads of the abovementioned ovarian structure, others had gonads in which the gonial germ cells scarcely developed to form cysts and remained few in number. In these gonads, the germ cells were found to be sparsely distributed exclusively along the lateral periphery facing the lateral peritoneal wall. In most of these gonads, slit-like lumina were noticed to appear as splits in the stroma tissue packing the centro-lateral region facing the mesogonium (Fig. 25) . These characters of the lumina, which definitely contrasted with those of the ovarian cavities (compare Fig. 27 with Fig. 28 ), were exactly coincident with those of the efferent duct in the developing testes. Thus, the testicular differentiation could be ascertained to be started by 20 days of age simultaneously with the ovarian differentiation. Just like in the case of the ovarian cavity, the efferent ducts begin to join with each other at the caudal end of the paired testes and were connected with a single sperm duct which ran closely adjoining the urinary duct.
In the ovaries observed during 26-31 dph, there were some oocytes of the peri-nucleolus stage together with many oocytes of younger stages (Fig. 24) . Henceforth, ovaries were steadily enlarged in size, parallel with the growth of oocytes (Fig. 27) , and began to show the initiation of vitellogenesis in oocytes at 100-150 dph. On the other hand, germ cells in the testis remained quiescent in their development until up to 50 dph, though the stromal tissue with developing efferent ducts distinctly increased in number (Fig. 26) . Active spermatogenesis including cystic conformation of spermatogonia seemed to take place at about 50-70 dph (Fig. 28) .
Discussion
In various gonochoristic teleosts observed so far, morphological differentiation of the ovary emerges from the sexually indifferent state first, evidently preceding that of the testis. In cichlid, Hemihaplochromis multicolor the ovarian gonads are provided with some auxocytes 17 days after spawning, while the testicular ones are not discernible to differentiate until more than 25 dph (Muller 1969) . In another cichlid Tilapia aurea, the ovarian gonads begin to form the ovarian cavity at about 30 dph and begin to show auxocyte development 3 to 4 weeks later, whereas the testicular gonads remain quiescent in morphological differentiation during a period of over 2 months (Eckstein and Spira 1965) . In T. mossambica used in the present study, the gonadal sexes were indiscernible at least morphologically at 16 dph, but became clearly distinguished by 20 dph when some cysts of germ cells appeared to enter into meiotic prophase in some gonads. Simultaneously these gonads displayed an initiation of formation of the ovarian cavity, which further ensured the ovarian differentiation of these gonads. Thus the germ cells maturation in female gonads occurs earlier than those of the males of this species as in other teleosts.
In ovaries of some teleosts such as Lebistes reticulates (Hann 1927) , and Carassius auratus (Takahashi and Takano 1971) , the ovarian cavity is not formed until germ cells have well progressed in oogenesis. In other fishes such as Cottus bairdii (Hann 1927) , however, the ovarian cavity initiates its formation concomitantly doi:10.5047/absm.2013.00601.0001 © 2013 TERRAPUB, Tokyo. All rights reserved.
with the start of oogenesis and in others like T. aurea (Eckstein and Spira 1965) . It makes its appearance during the period when the germ cells are still in a sexually indifferent state. Especially in such cases as the latter two, a sex-specific behavior in the gonadal stromal tissue seems to be successfully taken as a decisive criterion of gonadal sex differentiation. This was also indicated in the testicular differentiation in T. mossambica. Like in other cichlids cited before, the testicular gonads of the fish also remained quiescent in germ cell maturation for about 50 dph. However, the formation of efferent duct anlages in gonadal stroma became apparent by 20 dph, which made it possible to confirm the occurrence of testicular differentiation irrespective of the germ cell quiescence. The efferent duct anlages were well discriminated from the ovarian cavity, since the former was the slits appearing in the stroma tissue of male gonads.
Thus, it is concluded that, for T. mossambica, the gonads which are sexually indifferent at least in a histological sense may initiate their sex differentiation either into ovaries or into testes at any time between 16 and 20 dph. A morphological differentiation of gonadal stroma into ovarian cavity or efferent duct appears to be started at the same age and usefully directs the gonadal sexes as was the case in Cottus bairdii (Hann 1927) .
So far as the authors know, morphogenesis of the ovarian cavity in cichlid fishes has been only described for T. aurea (Eckstein and Spira 1965) . In this cichlid the development of stroma ridge from the proximal border of a presumptive ovary leads to the occurrence of two parallel ridges, and their eventual fusion at the distal edges completes the formation of the ovarian cavity. In T. mossambica, however, the ovarian cavity originates from two stromal ridges growing from both the proximal and distal borders of the ovary. A similar process of the gonadal cavity formation was reported to be seen in the differentiation of ovaries of Cottus (Hann 1927) and in that of the hermaphroditic gonads of some sparid fishes (Lissa and Casu 1968) .
Characteristics of gonadal sex differentiation in several teleost fish were reported in many papers (Nakamura and Takahashi 1973; Nakamura et al. 1974 Nakamura 1975 Nakamura , 1978 Nakamura , 1982 Nakamura , 2000 Strüssmann and Nakamura 2002; Miura et al. 2008; Komatsu et al. 2006a; Murata et al. 2009 ).
2-2. Morphological characteristics of gonadal sex differentiation and maturation in triploid fish
In early the '80s, it has become possible to manipulate chromosome sets by means of physical or chemical treatment of eggs at an early developmental stage (Suzuki et al. 1985; Onozato 1987) . This technique of chromosome set manipulation is expected to be applicable to practical fish culture in a variety of ways, such as sex determination or improvement of breed (Onozato 1987) . Triploid fish can be induced by retaining the second polar body of eggs just after fertilization. In case of XY sex determining system in salmonids, triploid females have three X chromosomes, while triploid males have two X chromosomes and one Y chromosome. It is still unkown how the gonadal sex differentiation in triploid fish are thought to become sterile as a consequence of having an odd number of chromosome sets. This sterile triploid may bring about benefits to practical fish culture for the reason that sterile fish avoid the muscular deterioration and death which accompany sexual maturation (Solar et al. 1984) . Induction of triploid has been attempted in several fishes so far. However, characteristics of gonadal sex differentiation and sexually mature triploids depend on sex and species. We reported the gonadal development and change of steroid hormones in triploid female rainbow trout, Oncorhynchus mykiss and triploid male masu salmon O. masou.
2-2A. Triploid female rainbow trout, Oncorhynchus mykiss
Triploid females were induced by the method of high temperature water treatment (26-30°C), for 6-10 minutes immersion at 10 minutes after fertilization. They were cultivated for 21-27 months until attaining the maturing age.
The ovaries in diploid females (2n) consisted of early yolky oocytes in July, and of well-developed oocytes in October. In January, they had matured ovaries with mature oocytes (Fig. 30) just before ovulation or after ovulation. GSI (gonad somatic index) gradually increased accompanied with maturation (0.8-13.8) (Fig.  29A) . The ovaries of immature diploid females had immature oocytes at the yolk vesicle stage (Fig. 31) . GSI were low 0.1-0.2 (Fig. 29A) . The ovaries of triploid females (3n) were very small from July to January (Fig.  30) . They had many cysts of oocytes at synaptic stage (Fig. 32) , but no yolky oocytes developed more than at peri-nucleolus stage in the ovigerous lamellae (Figs.  32, 33 ). Many degenerating ooxytes were seen in the central part of the cysts (Fig. 33) . Synaptonemal complexes were seen in the nucleus of oocytes in the cysts (Fig. 34) . This fact indicates that germ cells in the cysts are the oocytes at primary meiotic stage. Steroid producing cells were observed in the theca layer surrounding the outer periphery of the cysts. However, organelles such as mitochondria, endoplasmic reticula and ribosomes in their cytoplasm were very poor indicating inactive steroidogenesis.
Serum steroid hormone levels in diploid females gradually increased in relation with sexual maturation (Figs. 29B, C, D) . Estradiol-17β (E 2 ) was high in July and October at the time of yolk formation. There were variations in E 2 levels depending on the individual (12.9-42.7 ng/ml); individuals before ovulation were high, but individuals after ovulation were low. Testo-doi:10.5047/absm.2013.00601.0001 © 2013 TERRAPUB, Tokyo. All rights reserved. sterone levels were increased at the stage of yolk formation, and increased more at the spawning season. 17α,20β-dihydroxy-4-pregnen-3-one (17α,20β-P), which is the maturation inducing hormone in fish, were low at the stage of yolk formation, but increased remarkably at the stage of spawnig (0.2-2.7 ng/ml). On the other hand, E 2 , T and 17α,20β-P levels in tiploid immature females were low 0.4-0.9, 0.9-2.4 and 0.2-0.5 ng/ml respectively. E 2 , T and 17α,20β-P levels in triploid females were also low 0.2-0.6, 0.7-1.7, 0.2-0.4 ng/ml respectively (Figs. 29B, C, D) . These levels were almost the same as those in immature diploid females. Table 1 . Diploid and triploid males grew similarly and showed no differences in body weight and total length at any sampling time.
2-
Triploid individuals (T) were not different from diploids (D) in external view (Fig. 37) . Male secondary sex characters such as dark color on the skin of body and each fin appeared normally in triploids in October spawning season, similar to diploid males. About 70 % of triploid males matured precociously one year after fertilization. This value was almost the same as that of diploid males.
Changes in GSI in diploid and triploid males are were white in color and were packed with matured sperm (Fig. 46) . In contrast, those of triploids were semitranslucent. Sperm fluid filled the efferent ducts. The testes of triploids (Figs. 42, 43) were also extremely different in histology from those of diploids (Fig. 41) . The amount of spermatogenetic germ cells was markedly less in triploids (Figs. 42, 43) than in diploids (Fig. 41) . Moreover, these germ cells revealed necrosis. Some necrotic cells were ingested by hypertrophied Sertoli cells lining the inner wall of the lumen (Fig. 42) . Although some sperm were recognized in sperm fluid in triploids ( Fig. 48) , they were fewer in number and noticeably different in morphology from those of diploids (Fig. 47) . Sperm of triploids were morphologically abnormal, such as having two heads, two tails, or various sizes of heads. Large amounts of sperm still remained in the testes of diploids in November ( Fig. 44) . In the testes of triploids, the inner wall of the lobules contained only few spermatogonia (Fig. 45) .
shown in Fig. 38 . Changes in GSI in triploids differ from those in diploids. GSI in triploids was high, 3.9 ± 0.6, in August, as was GSI in diploids increased further to 4.8 ± 0.8. In contrast, GSI in triploids dropped markedly to 1.0 ± 0.7, even in the spawning season (P < 0.01). GSI in diploids dropped rapidly (1.5 ± 0.2%) in November after the spawning season. GSI in triploids dropped even more (0.2 ± 0.01%) (P < 0.01).
Cysts of spermatogenic germ cells at various stages were contained in the testes of diploids in August (Fig.  39) . A small amount of matured sperm had already been seen in the central region of the lumen. Active spermatogenesis was also seen in the testes of triploids (Fig.  40) . However, spermatogenic germ cells mainly consisted of primary spermatocytes (Fig. 40) . Secondary spermatocytes, spermatids, and sperm were not observed in triploids, although some clusters of degenerating spermatocytes were observed in the lumen ( Changes in T. 11-KT, and 17α,20β-P levels in triploids and diploids are shown in Figs. 49A-C. High levels of serum T (diploids, 8.0 ng/ml; triploids, 7.4 ng/ml) and 11-KT (diploids, 5.7 ng/ml; Triploids 5.0 ng/ml) were observed when the two groups of males were compared in August. Levels of these steroids rose further in October (diploids, T 37.0 ng/ml and 11-KT 48.1 ng/ml; triploids, T 30.8 ng/ml and 11-KT 33.3 ng/ ml). T and 11-KT levels rapidly decreased in November after the breeding season in both diploids (T 0.4 ng/ml and 11-KT, not detectable) and triploids (T 0.5 ng/ml and 11-KT 0.4 ng/ml). Serum 17α,20β-P was not detectable in either diploids or triploids in August. A sharp increase of this steroid occurred in October in diploids (8.7 ng/ml) and triploids (15.9 ng/ml). 17α,20β-P dropped in November (diploids 0.7 ng/ml and triploids 0.2 ng/ml).
Discussion
The production of steroid hormones and ovarian development in triploid females differs among species. Blood steroid hormone levels in female pacific salmonid (Benfy et al. 1988 ) and female masu salmon (Nakamura et al. unpublished data) , were extremely low, even in the spawning season. The ovaries of these female triploids were composed of numerous cysts containing many small oocytes and degenerating oocytes. In contrast, triploid female of tilapia (Satoh et al. 1991) revealed high levels of steroid hormones and had well-developed yolky oocytes in their ovaries. Thus, it is still not known why the reproductive characteristics in triploid fish are different between males and females, and among species.
Morphological characteristics of testicular development in triploids have been reported in several fish species so far. In most cases, abnormalities of spermatogenesis were observed. Despite well-developed testes, matured spermatozoa were not produced in channel catfish (Ictalurus punctatus) (Wolters et al. 1982) , nor in the Atlantic salmon (Salmo salar) (Benfy and Sutterlin 1984) or in loach (Misgurnus anguillicaudatus) (Suzuku et al. 1985) . A few sperm were found in the testes of some species such as Biwa gudgeon (Gnathopogon caerulescens) (Ueno 1985) , rainbow trout (O. mykiss) (Lincoln and Scott 1984) , and Pacific salmonids (Benfy et al. 1988) . The cause of the inability to produce sperm normally in triploids is thought to be the disruption of meiosis due to the odd number of chromosome sets (Thorgaard 1983 ).
The present study, clearly shows that the process of testicular development in triploid males is remarkably different from that of diploids. Despite the spawning season, GSI in triploids was markedly low. Sperm in triploids was less in number and contained cells with morphological abnormalities. In addition, secondary spermatocytes and spermatids were not found, though a large number of primary spermatocytes were formed. These facts indicate that the transformation from primary spermatocytes to secondary spermatocytes was suspended. Thus, it seems likely that the large amount of degenerating germ cells that appeared in the testes of triploids in October originated from the primary spermatocytes which failed to transform into secondary spermatocytes.
A few papers have dealt with the relationship between testicular development and steroid hormones in triploid fishes (Lincoln and Scott 1984; Nakamura et al. 1985a; Benfy et al. 1988) . In triploid males, blood steroid hormone levels have been found to be high, just as is the case for mature diploid males. In the triploid males of masu salmon, changes of serum T, 11-KT and 17α,20β-P showed no significant differences in comparison with those of mature diploid males. From these results, it is concluded that the production of steroids in triploid males occurs similarly to those in diploid males, even though the development of germ cells is hindered during the process of spermatogenesis. Thus, it is presumed that abnormalities of testicular development in triploids are related to mechanical difficulties involved in chromosome separation at meiosis I due to triploid per se, rather than the reduced level of steroid hormones. In contrast, triploid female of tilapia revealed high levels of steroid hormones and had well-developed yolky oocytes in their ovaries (Solar et al. 1984) . Thus, it is still not known why the reproductive characteristics in triploid fish are different between males and females and among species.
Serum 17α,20β-P levels in triploid males increased only in the spawning season. Changes in the steroid are similar to those of diploid males in salmonids (Young et al. 1983; Satoh et al. 1991) , but there are no reports on the production of 17α,20β-P in triploid males of other species. This steroid is thought to be involved in spermiation (Ueda et al. 1985) . 20β-Hydroxysteroid dehydrogenase, which is the enzyme essential for the conversion from 17α-hydroxyprogesterone to 17α,20β-P, was found to be localized on sperm (Ueda et al. 1985) . Thus, it is interesting to note that production in triploids was as high as it was in diploids, though the number of sperm in the testes of triploids was reduced. The testes of triploid males may provide a suitable material for the study of 17α,20β-P production.
The characteristics of gonadal sex differentiation and maturation in triploid fish were reported in several papers (Nakamura et al. , 1987 (Nakamura et al. , 1993b .
2-3. Artificial sex reversal by sex hormones
Administration of sex hormones has repeatedly been shown to be the most effective way of inducing sex reversals in teleosts. In general, androgens can induce a masculinization of females and estrogens can induce a feminization of males. In fact, since Yamamoto (1953 Yamamoto ( , 1958 first achieved the functional feminization of genetic males and the functional masculinization of genetic females of medaka, Oryzias latipes, by treating with estrogen and androgen, respectively. Complete and functional sex reversal of either sex was reported to be successful with the use of heterolougus sex steroids in Carassius auratus by Yamamoto and Kajishima (1968) , in Poecilia reticulata by Dzwillo (1962) and Takahashi (1975a, b) , in T. mossambica by Clemens and Inslee (1968) , and in T. nilotica by Jalabert et al. (1974) .
On the other hand, many other studies using sex steroids have failed to induce complete sex reversal in a variety of fishes (Yamamoto 1969) . For example, in salmonid fishes in which gonadal sex differentiation seems to take a long lapse of days, attempts to attain sex reversal by treating the larvae with sex hormones have been unsuccessful (Padoa 1937; Ashby 1952 Ashby , 1957 Hibiya et al. 1971; Okada 1973a; Jalabert et al. 1975) , though a report by Johnstone et al. (1978) has shown the production of all-female stocks of the rainbow trout, Salmo gairdneri, by treatment with sex steroids. In the blue gill, Lepomis macrochirous, and in the paradise fish, Macropodus opercularis, in which gonadal sex differentiation was not thoroughly studied, mere hormonal treatment could not alter the sex of the fish treated (Vanyakina 1968; Chew and Stanley 1973) . Even under controlled conditions, hormonal treatment has been reported to be without effect in terms of eliciting complete sex reversal in T. aurea (Eckstein and Spira 1965) and T. macrochir (Jalabert et al. 1974) .
Various causes are to be considered to explain the failures of hormonal treatment to get effective sex reversal of fishes. Among them the time and duration of the treatment seems to be most important. In his extensive overview on sex differentiation of fishes, Yamamoto (1969) emphasizes that the conditions to be fulfilled to attain a complete and functional sex reversal are that a heterologous sex hormone should be administered at an adequate dose level to fish larvae starting at the sexually indifferent stage and lasting through the stage of gonadal sex differentiation. The cases of hormonally induced functional sex reversal mentioned earlier, may support to some extent a general validity of his opinion. This in turn stresses that each of the above conditions should be previously defined for the fish species to be practiced to realize functional reversal of one sex to the other. In the Japanese medaka, Oryzias latipes, for example, an androgen, methyltestotestosterone, was orally administered to the larvae for 6-7 weeks from the time within 24 hours after hatching, and effectively caused a functional masculinization of genetic females (Yamamoto 1958) . Doses of 25-50 µg/g diet were optimal wile, over dosages caused gonadal atrophy.
At an optimal dosage, it is desirable that the duration of hormone administration lasts as short as possible in order to eliminate possible toxic action of hormones on fishes. In the case of a "paradoxical" feminization of Hemihaplochromis multicoror reared in a water solution of testosterone propionate, Hackmann and Reinboth (1974) could delimit the period of effective treatment to be continued for 2 days from 14 to 16 dph. In Poecilia reticulata, Dzwillo (1962) immersed gravid females in water containing methyltestosterone at high doseages for only 24 hours during the period between 8 and 12 days before their expected parturition and obtained a functional masculinization of genetic female offspring. It has been shown by Johnstone et al. (1978) that, in Salmo gairdneri whose sex differentiation is considered to occur by the time of first acceptance of food, gonads in the latter half of a period of 30 days following the first feeding are most sensitive to exogenous hormones to reverse their sex. These facts may suggest that there is a "critical" period, when developing gonads are most sensitive to differentiation.
It is apparent that the critical period lies in close association with the period of sex differentiation of the gonad. There is, however, a great paucity of information about precise characters, particularly from histological criteria, of the critical period of gonadal sex differentiation. The significance of the critical period should be reanalyzed from the viewpoint of developmental changes of somatic as well as germinal elements of the gonad in response to exogenous hormones. The work along this line of consideration seems also to shed some new light on the physiological mechanism of sex differentiation of the gonad of teleost fishes.
2-3A. Effects of estrogen on sex differentiation in masu salmon, O. masou
Ever since Yamamoto (1953) succeeded in reversing the sex of medaka with steroid hormones, researchers have tried to induce sex reversal in many different species, because of the importantl consequences for commercial aquaculture. Most importantly successfull induction of sex reversal requires the right time of onset of treatment, the duration of treatment, and the dose and type of hormones used. The first two factors are especially important in providing clues by which sex reversal can be most effectively induced.
The effects of estrogen treatment on the induction of gonadal feminization were investigated in masu salmon, O. masou. The present study was undertaken to determine the critical stage of body development when estrogen can be used to induce feminization in genetic males. Hatchling of masu salmon at 5 dph were tested by adding natural estrogen, estradiol-17β (E 2 ) which was added to static rearing water at concentrations of 0.25-200 µg/L water for 18 days. Chum salmon hatchling at various stages of gonadal differentiation were immersed in water with E 2 concentrations of 0.5-2 µg/L respectively, for a period of 15-67 dph.
Effects of estrogen on the gonadal sex differentiation in the masu salmon O. masou
Gonads from 2 to 10 fish in each group were sampled for histology at each sampling time of 30, 50, 90 and 360 dph. At 30 dph all fish treated with 0.25-5 µg/ L E 2 had normal ovaries containing some auxocytes, similar in appearance to those of control ovaries. At 50 and 90 dph, two fish in the 0.25 µg/L E 2 treated group were males. A single fish had intersexual gonads with some auxocytes in the testicular tissue. Most fish treated with 0.5-5 µg/L E 2 had ovaries similar in development to those of controls of the same age. No testicular tissue was observable in these developed ovaries of treated fish. However, ovaries of a few fish in each of these treated groups were observed to be 52 51 50
Figs. 50-52. Gonads of the masu salmon. retarded in development, having fewer auxocytes than those of females.
At 1 year of age, only 2 to 9 fish in each group survived. Two fishes treated with 0.25 µg/L E 2 had matured testes with active spermatogenic germ cells, revealing normal development. Most fishes treated with 0.5-5 µg/L E 2 had ovaries in various stages of development (Figs. 50, 51) . One or two fishes in the groups treated with 1, 2 and 5 µg/L E 2 had gonads containing testicular and ovarian tissues (Fig. 52) . In most cases, the anterior region of intersexual gonads was ovarian (Fig. 52) , while the posterior region was apparently testicular (Fig. 52) . Many auxocytes showing development were seen in the ovarian portion, while spermatogenic germ cells in various stages were observed in the testicular portion (Fig. 52) .
Mortalities of fish treated with 0.25-5 µg/L E 2 were 10-20% during the treatment. Most of the fish treated with 10-200 µg/L E 2 died within a short period of days after the end of treatment.
Discussion In salmonids, it is unknown if there is a relationship between the sensitive period of administration of exogenous sex hormones and gonadal sex differentiation. In the present studies on the masu salmon, treatments during 5 to 22 dph at doses of 0.5-5 µg/L water were effective in inducing feminization. This period of 5-22 days corresponds to the combined length of the undifferentiated gonad stage and of gonadal sex differentiation. These results provide further evidence for Yamamoto's hypothesis that attainment of complete and functional sex reversal should occur following the administration of sex hormones beginning in the undifferentiated gonad stage and continuing through the subsequent stages of sex differentiation.
2-3B. Effects of androgen on gonadal sex differentiation in amago salmon, O. rhodurus
Single treatment method of inducing sex reversal makes it possible to detect not only the time of peak susceptibility to exogenous sex steroids, but also the important period of gonadal sex differentiation. In order to establish the time exogenous androgen most effectively induces sex reversal, genetically controlled all-female alevins of the amago salmon Oncorhynchus rhodurus were treated with a singly short treatment of artificially synthesized methyltestostrone (MT) at various stages of gonadal development. Therefore, it is known that MT has strong potency to induce sex reversal of genetic female in fishes. All-female-eyed eggs were obtained from mating pseudo-males (XX). They were cultivated in fully aerated water at 8-10°C until use. Fifty alevins each at 3, 8, 11, 14, 17, 22 and 27 dph (3-30 Dec., 1990) were immersed for 2 h in water containing 400 µg/l MT (Fig.  53) . As a control, 150 fish were immersed for 2 h in 1/ L water containing 1 ml/ethanol only. Immediately after steroid treatment, autopsies were performed on about 20 individuals from each cohort to assess the effect of the hormone on gonadal sex differentiation. Transformation of oogonia to meiotic oocytes in amago salmon gonads provided evidence of ovarian differentiation. This transformation occurred at 20-25 dph. Active mitotic division of oogonia in the cysts, an increase of presumed granulosa cells in the cysts, and other somatic cells characterized female gonads at 17 dph (Fig. 56) . This corresponds to the time of development both in germ cells and in somatic cells just prior to ovarian differentiation.
At 100 dph, 10 individuals were selected from each time cohort, and the number of males was recorded for each cohort. Their gonads were histologically examined. At 200 dph, male count and histological examination were also done for the remaining 10 fish for each cohort. Normal ovarian differentiation was ultrastructurally observed.
The percentage of sex-reversed males in each group is shown in Fig. 54 . The highest percentage converting to male occured at 17 dph. In this group 55% had normal testes with developed efferent ducts and some spermatogonia (Fig. 55) . Fish treated at 3-14 and 22 dph showed a lower percentage (10-25%). No males were found in the cohort treated at 27 dph or in the control group (100 specimens). Discussion In the amago salmon, the results show that at 17 dph they are more susceptible to exogenous androgen in sex reversal than in the other groups. It should be noted that some fish were also susceptible to MT to change sex from female to male at 3-14 and 22 dph. This fact indicates that the time of susceptibility to exogenous androgen differs between individuals of this species, though the peak occurs around 17 dph. Thus, long-term treatment covering the susceptible period is necessary to obtain 100% sex reversal, as shown by Usuda (1989) . It is essential to conduct further experiments using pure strains to determine whether this individual difference of susceptibility is genetic or a physiological factor.
2-3C. Effects of sex steroidal analogue/sex steroid on gonadal sex differentiation in Mozambique tilapia, Tilapia mossambica
In order to determine the time which is critical for hormonal treatment to induce complete sex reversal of the gonad, effects of the estrogenic and androgenic steroids on gonadal sex differentiation of salmonid fish and Mosanbique tilapia T. mossambica were studied by administering the substances at various times and for varying lengths of days during their gonadal development. A paradoxical feminization of genetic males of the fish cased by androgen treatment was also investigated and analyzed in the present study.
Effects of ethinylestradiol on sex differentiation
In a series of four experiments, the larvae of T. mossambica were subjected to the treatment with ethinylestradiol (50 µg/g diet) starting at 6, 11 and 16 dph and continuing for 10-20 days, with the design of determining the critical period of gonadal development for inducing complete feminization of genetic males by estrogen. The resulted sex distribution in experimental and control groups is summarized in Table 3 .
In an experiment of treating the fish only during the sexually indifferent stage for 10 days earlier than 15 dph (Experiment 1), no signs of sexual modification were detected in testes as well as ovaries examined 10 and 30 days after the completion of the treatment. The gonads were similar in developmental degrees to those of the control fish of the same ages, and the occurrence of any intersexual traits was never noticed either in the germinal or somatic elements of affected testes. Similar results were obtained in Experiment 3 in which the estrogen administration was begun at 16 dph and lasted for 10 days covering the period of gonadal sex differentiation. The ovaries of the treated fish were developed quite similarly to those of the controls. The testes of treated fish also showed a favorable development when examined during 15-70 dph, though their germ cells seemed to be fewer in number as compared with those of the control testes. In the majority of the affected testes, however, a mass of stromal tissue displayed an elongation from the proximal border of the testis (Fig. 57) . The elongation of the testicular stroma influenced by the estrogen was comparable to that which occurred in the initial process of ovarian cavity formation, though the former originated in no case from the distal border of the testis. It was considered that the estrogen treatment during the period of histological sex differentiation of the gonad only was capable of evoking a partial inversion of the somatic element, but not of the germinal one, of the gonads of somatic males toward female direction.
On the other hand, an incomplete feminization of genetic males was elicited in Experiment 2, in which the estrogen was administered for a period of 10 days starting at 11 dph when the fish were in the sexually indifferent stage and lasting until 20 dph when the sex differentiation of the gonads became histologically noticeable. Out of 30 fish examined 25 to 80 days after the hormone withdrawal, 12 were provided with defined ovaries and 2 with defined testes, though a median fusion of bilateral gonads was frequently observable in these gonads (Fig. 58) . The remaining 16 possessed the gonads of prevailingly testicular nature in which intersexual features of various degrees were encountered. In most cases the intersexual gonads were ovarian in nature in the anterior region (Fig. 59 ) whereas they were evidently testicular in the posterior region (Fig. 60) , the latter being predominant in the gonads in all cases. The occurrence of a few, small oocytes and the formation of an ovarian cavity characterized the ovarian structure. In the testicular region of the gonads the beginning of spermatogenesis was observed 80 days after the completion of the estrogen treatment, as was the case of the control males of the same age.
A complete feminization of genetic males could be brought about only in Experiment 4, in which the estrogen administration covered the period of 20 days from 6 to 25 dph, namely from a time of sexually indifferent stage to a time after the gonadal sex differentiation had definitely occurred. At the end of the treatment, all the treated fish had young ovaries which were similar in histology to those of the control females. All the treated fish examined at 30, 40 and 60 dph were also provided with ovaries which were developed in an almost similar degree to those of the control females of the same age (Figs. 61, 62) , though slight structural modifications such as an abnormal increase in the amount of stroma tissue were noticed in some ovaries of the treated fish. The sex ratios totaling so far in Experiment 4 were 46 females and 0 males for the experimental group and 21 females and 34 males for the control one, as revealed in Table 3 .
Discussion
The results of the estrogen treatments in the present study seem to prove the propriety of the beforementioned Yamamoto's view (1969) gonads into ovaries was brought about only when ethinylestradiol was administered beginning considerably prior to the occurrence of the testicular differentiation and continuing fully through the period of morphological sex differentiation of the gonad (Experiment 4). A shorter treatment with the estrogen during that period was merely effective in causing partial feminization of testicular gonads (Experiment 2). The treatment covering only the sexually indifferent stage was without effect (Experiment 1), and that being carried out only during the period of sex differentiation was at most capable of eliciting a feminizing modification of the testicular stroma (Experiment 3). Similar correlations between the time of androgen feeding and the masculinizing tendencies found in the affected gonads were also evidenced in a series of unpublished experiments in T. mossambica as made by the present writers.
These results may indicate that a harmonized development of germinal and somatic elements of the gonad toward a sexually reversed direction is expected when the treatment with a heterologous sex hormone covers the period between 10 and 25 dph, centering at the time of morphological sex differentiation of gonads, in T. mossambica. As already mentioned, the appearance of efferent duct anlages at 20 dph manifests the testicular differentiation whereas the germ cells in these gonads remain inactivated until about 50 dph, showing a sharp contrast to those in the female gonads. It is probable that the germ cells in the male gonads may be physiologically differentiated into the male ones by the time of stromal sex differentiation of the gonads, and that the differences in the effects of the present experiments may be ascribable to the change in the competence of the germ cells to respond to the treatment during the process of their physiological sex differentiation.
Ethinylestradiol has never been tested for its feminizing potency in cichlid fishes. The estrogen, especially given in high dosages, is liable to exert some toxic influences on various organs including gonads (Vanyakina 1968; Takahashi and Takano 1971) . Although the dose of 50 µg per g diet employed in the present study seems to be much higher than that of the same hormone required for inducing complete feminization in Oryzias latipes (Yamamoto 1969) . It scarcely exhibited any harmful effect on the general conditions and gonadal development in T. mossambica. The estrogen neither inhibited nor accelerated the development of ovaries in genetic females. In the case of complete feminization the affected gonads of genetic males appeared to develop into ovaries through just the same process of differentiation as in those of genetic females, as were the cases of feminization by ethinylestradiol (125 mg/g) in Lebistes reticulates (Miyamori 1964) and by estrone (50 µg/g) in Oryzias latipes (Onitake 1972 ). Accordingly it is highly possible to expect a complete and functional feminization of genetic males of T. mossambica by administering ethinylestradiol at a dose of 50 µg/g so as to sufficiently cover the sensitive period of gonadal development which is presumed to lie in the period from 10 to 25 days after hatching. Clemens and Inslee (1968) succeeded in obtaining a functional masculinization of genetic females of the same species by treating them with methyltestosterone for 69 days from the time just after hatching. It remains to be elucidated if there are any correlations between the duration of effective treatment, or that of the sensitive period, and the dosage of hormones to be administered. In the case of the androgen-induced sex reversal in Hemihaplochromis multicolor, it was reported that the duration of the sensitive period could be delimited to about 48 hours (Hackmann, cited from Reinboth 1969) . Yamamoto (1969) stated that attainment of complete and functional sex reversal should occur following the administration of sex hormones beginning in the undifferentiated gonad stage and continuing through the subsequent stages of sex differentiation. Nakamura and Takahashi (1973) further revealed that in Tilapia mossambica, a phase of "physiological" sex differentiation of germ cells may exist prior to histologically discernible sex differentiation of gonads. This period has been considered critical for steroid hormoneinduced sex reversal in fish and suggests that administration of sex hormones should continue during both stages to induce complete sex reversal. Hackmann and Reinboth (1974) reported a similar view in their studies on Hemilhaplochromis multicolor.
In salmonids, it is unknown if there is a relationship between the sensitive period of administration of exogenous sex hormones and gonadal sex differentiation. In the present studies on the masu salmon, treatments during 5 to 22 dph at doses of 0.5-5 µg/L water were effective in inducing feminization. This period of 5-22 days corresponds to the combined length of the undifferentiated gonad stage and of gonadal sex differentiation. These results provide further evidence for Yamamoto's hypothesis.
However, in the chum salmon, complete sex reversal did not occur when administration of E 2 included only the period of gonadal sex differentiation. However, E 2 treatment following testicular differentiation was effective in inducing the feminization of gonads in genetic males. Similar results have been reported in the guppy, Poecilia reticulata (Miyamori 1964; Takahashi 1975a) , where gonadal sex change occurred in response to exogenous sex hormones administered after gonadal sex differentiation. In fish, the ability of germ cells to respond to exogenous as well as to endogenous inducers of sex differentiation seems to vary from species to species. In the course of gonadal sex differentiation, there probably is a period of time during which doi:10.5047/absm.2013.00601.0001 © 2013 TERRAPUB, Tokyo. All rights reserved.
the germ cells of the gonad is the most sensitive to exogenous sex hormones.
Effects of methyltestosterone on sex differentiation As previously described, the gonadal sex differentiation in T. mossambica becomes histologically recognizable by 20 dph. The ovarian differentiation is characterized by the development of some germ cells into the meiotic prophase and by the concomitant formation of ovarian cavity (Fig. 63) , while the testicular differentiation is marked by the appearance of efferent duct anlages in the gonadal stroma (Fig. 64) . In order to achieve a complete feminization of genetic males by exogenous estrogen, the treatment should be carried out to cover this particular stage of sex differentiation extending from 10 to 25 dph.
a) Experiment 1
The diet containing methyltestosterone at the dose of 50 µg/g diet was given to 60 juvenile fish of T. mossambica during the period from 7 to 25 dph. The sex distribution of these fish examined at each time of sacrifice is shown in Table 4 .
At the end of the androgen administration, the gonads of the treated fish could be divided into two types with respect to their histlogical aspects: those of one type had many cysts of pre-meiotic germ cells which were surrounded by stromal cells (Fig. 65) , and those of another possessed only a few gonial germ cells dispersed in stromal tissue with slit-like efferent duct anlages (Fig. 66) . The former was seen to be in an initial phase of ovarian cavity. The latter denoted a differen- tiation of testes which were similar in histology to that seen in the gonad of control males of the same age. In the ovarian gonads examined 10 days after the end of the treatment (dat), pre-meiotic germ cells had increased in number, but the formation of ovarian cavity did not occur yet (Fig. 67) , compare with Fig. 63 .
All of 20 fish autopsied 25 and 40 dat possessed gonads with resting and dividing gonial germ cells and efferent duct anlages perforating the proximal stroma, and were thus classified as males. Among them, however, the gonads of 12 fish frequently contained clusters of degenerated cells (Fig. 68) . The degenerated cells were considered as residues of germ cells which had formerly started the premeiotic changes as oocytes. Otherwise these gonads were not different in size and in the degree of development of the efferent duct from those of the remaining 8 fish. Most gonads in the affected fish started their spermatogenesis by 75 dat.
Three treated fish survived until about 230 dph and their gonads were histologically examined. These fish displayed body coloration peculiar to mature males on the caudal and dorsal fins, and had fully elongated urinogenital papillae. The gonads of these fish were distinct, the testes showing an active spermatogenesis and a normal development of efferent ducts.
b) Experiments 2 and 3
A group of 120 fish was orally administered with methyltestosterone at a dose of 1000 µg/g g diet starting 7 dph. Nineteen days after the start of the treatment, 60 out of 110 surviving fish were exempted from the treatment (Experiment 2), while 50 others were continuously treated with androgen for 25 subsequent days (Experiment 3). After the hormone administration was discontinued, the fish of both experimental groups were kept on the normal diet for more than 60 dph. They were killed for histological examinations of their gonads at intervals of about 10-15 days during that period. The results of the experiments are indicated in Table 4 . In Experiment 2, the ovaries of the treated fish at the end of the treatment had many pre-meiotic germ cells and ovarian cavities in the initial phase of their formation, being quite similar in aspect to those of the control fish of the same age. On the other hand, the testes of the treated fish possessed a few spermatogonial cells, which were singly dispersed in the stroma, as in the testes of the control fish. Their efferent duct anlages were seen to be enlarged to some extent as compared with those of the control testes. Ten days after the end of the treatment at 35 dph, 3 out of 10 fishes examined had ovaries of normal histological aspect with welldefined ovarian cavities (Fig. 69) . The gonads of the remaining 7 fishes were essentially testicular in feature with normally organized efferent ducts. Along the lateral sides of the testes facing the lateral coelomic wall, however, outgrowths of a pair of stromal sheets had occurred from both the proximal and distal regions of the testes without exception (Fig. 70) . The elongation of stromal sheets was exactly similar to that seen in an initial phase of formation of the ovarian cavity appearing in control females by 25 dph.
Later on, the ovaries of the treated females grew normally, and began to have well-developed oocytes at the peri-nucleolus stage 25 days after treatment (dat). The testes of the treated males were retained to be quiescent in germ cell development until 65 days of age, but found with peculiar cavities along their lateral sides as a result of a fusion of the elongated stromal sheets (Fig. 71) , which was quite the same in process as the formation of the ovarian cavity. The ovarian cavities became obscure by 193 dat (218 days of age), due to much progressed development of the testicular tissues.
In Experiment 3, in which an oral administration of methyltestosterone lasted for 44 from 7 dph, the results were extraordinary since the expected masculinizing action of androgen was exceeded by a paradoxical one of the same hormone, though there occurred a high mortality in the treated fish during the period from 20 to 30 days of treatment. Twenty-nine days after the start of the treatment, only 1 out of 10 (Figs. 72, 73) , and the existence of the ovarian cavity and the synaptic oocytes in the periphery of the expanded efferent duct (Fig. 74) fish examined had defined ovaries with many auxocytes and ovarian cavities, which was considered to be a genetic female. The remaining 9 also possessed the gonads of ovarian structures with cysts of premeiotic germ cells and ovarian cavities, but their gonads were peculiar in being furnished with enlarged lumina craniocaudally perforating the gonadal stroma. The lumina appeared to be homologus in their histoarchitecture and position to the efferent duct of the testes.
The gonads of 3 out of 14 fish examined at the end of the treatment (8 fish at 50 dph) and 15 days later (6 fish at 65 dph) were ovaries with many auxocytes of similar developmental stages to those seen in control ovaries, but were still modified by the occurrence of expanded efferent ducts of a testicular nature (Fig. 72) . These ovaries were considered to be those of genetic females. The gonads of the other 11 had ovarian cavities, synaptic oocytes and auxocytes which were clearly fewer in number and size (Fig. 74) as compared with those of the controls. These gonads were all characterized by an extraordinary expansion of their efferent ducts, assuming a characteristic tubular aspect along the whole length of the gonad (Fig. 73) .
Five fishes of the treated group were autopsied 168 days after the end of the treatment at 218 dph. Two out of them had well-developed ovaries which seemed to be of genetic females (Fig. 75) , while the remaining 3 possessed gonads of a peculiar tubular aspect which were enormously expanded and were transparent in an external appearance (Fig. 76) . Histologically, the gonads sporadically possessed a small amount of ovarian tissue on the wall of expanded efferent ducts (Fig.  79) , and a few cysts of spermatogenetic cells along the inner periphery of these efferent ducts (Figs. 77,  78) . The oocytes in these gonads had started their vitel- logenesis with the development of follicle cells (Fig.  80) , though they were retarded in their development when compared with those of the affected ovaries of genetic females. The fish possessing these intersexual gonads did not show the secondary sex character of mature males.
Discussion
The results of the present study indicate that methyltestosterone administered orally to the larvae of T. mossambica has an evident masculinizing potency when given at the dose of 50 µg/g diet. This confirms the result obtained by Clemens and Inslee (1968) who achieved a functional masculinization of genetic females of the same cichlid by applying the androgen most effectively at 30 µg/g diet for 69 days following hatching. In the present study, however, the treatment lasting for a shorter period from 7 to 25 dph was fully efficient in the induction of gonadal masculinization. As shown in a previous paper (Nakamura and Takahashi 1973) , in T. mossambica, ethynilestradiol (50 µg/g diet) is effective in inducing a complete feminization when given to the fish during the period from 10 to 25 dph. According to Yamamoto (1969) , in order to successfully realize a complete and functional sex reversal in fishes, the hormone treatment should be undertaken at a stage when gonads are sexually indifferent, and should be continued through the stage of sex differentiation. Gonadal sex differentiation in both sexes of the cichlid becomes morphologically detectable occurring about 20 days after hatching. Consequently, the result of the present study is consistent with the conclusion stated by Yamamoto (1969) .
In the case of oral administration of 1000 µg methyltestosterone per g diet, on the other hand, the duration of treatment completely covered the abovementioned particular period of gonadal sex differentiation and yet the masculinization of the gonad was not observed in the affected females. In the treated males, on the contrary, the formation of the ovarian cavity was induced in the testes without exception. Moreover, even if the administration of androgen at the same dose was protracted over 50 days after hatching, the sex reversal from females to males did not occur, either. The ovaries of the affected fish were welldeveloped just like those of the controls, though efferent ducts peculiar to the testis were induced to be formed in the gonadal stroma. On the other hand, under the influence of androgen at such intense dose, oogenesis progressed, though much less in degree than that in the control ovaries, and the ovarian cavity was formed paradoxically in the gonads of possible genetic males. Subsequent to the discontinuance of the androgen treatment, those peculiar gonads developed into those with an intersexual structure which displayed an advancing spermatogenesis along the inner periphery of expanded efferent ducts and the occurrence of maturing oocytes and definite ovarian cavities along the outer side of the ducts.
These results of treatment of T. mossambica with methyltestosterone at a very intense dosage level are of special interest in that the treatment fails to elicit gonadal masculinization in females notwithstanding the fact that it had been carried out through the particular period of sex differentiation, but most of all, in that it discloses a paradoxical feminizing potency of androgen which may become prominent in the case of longlasting treatment. The feminization by androgen is not complete in the present study but is evident in the organization of both the somatic and germinal elements of the gonads of males.
A paradoxical feminizing effect of male sex hormones had been first noticed by Muller (1969) in the young of Hemihaplochromis multicolor reared in water with methltestosterone or testosterone propionate ranging in concentration from 50 to 1000 µg/L water. The treatment caused a precocious development of male secondary sexal characters whereas it induced an ovarian differentiation in genetic males which followed an essentially similar process of development to that seen in normal females. Similar gonadal feminization paradoxically elicited by androgens proved to occur in several cichlids such as Tilapia mossambica, T. heudeloti, and Cichlasoma biocellatum (Hackmann 1974) . In T. mossambica, according to Hackmann (1974) methyltestosterone and testosterone propionate at the concentration of 500 µg/L water provoked an oogenesis at admittedly high ratios in treated fish when given through the period of sex differentiation, though the treatment rather exerted an inhibitory influence of the gonadal development especially when the treatment with methltestosterone lasted long. Moreover, Hackmann and Reinboth (1974) evidenced the paradoxically feminized fish to be functional in respect to their reproductive capacity.
Feminizing modification of the gonad of genetic males of T. mossambica observed in the present study seem to have some resemblance to those described by Hackmann (1974) , cited above. Thus it may be concluded that, at least in T. mossambica, methyltestosterone can disclose its feminizing action on the gonad whether it is given with food or added to rearing water, though Muller (1969) suggested the way of hormone administration to be one of the possible causes of the difference in the effects of androgen. Furthermore, the androgen, if sufficiently given orally to the fish through the particular stage of sex differentiation, is capable of inducing either a complete masculinization of genetic females at lower dosage levels (10-50 µg/g), as evidenced also by Clemens and Inslee (1968) , or a paradoxical feminization of genetic males at a higher dose (1000 µg/g) combined with a long duration of treatment. Reinboth (1969) suggested that, in H. multicolor, a long-term oral administration of testosterone at exceed-ingly high dosages (30-50 mg/g diet) was required to cause gonadal masculinization while a short-term treatment with equal dosages resulted in gonadal feminization. This seems to be in contrast with the present results in T. mossambica, which might denote a significance of difference of species in the response to the androgen treatment of the gonad in cichlid fishes. However, the substantial cause of these varying effects of androgen on sex differentiation of cichlid fishes remains to be elucidated. Careful investigations of characteristic changes of the somatic elements as well as the germinal one of androgen-influenced gonads seem to be an effectual approach for clarifying the mechanism of the dual effects of androgen on gonadal sex differentiation.
Artificial sex reversal in several fish by sex steroidal analogues/sex steroid were reported in other papers (Nakamura 1975 (Nakamura , 1978 (Nakamura , 1981 (Nakamura , 1984 Takahashi 1973, 1985; Nakamura and Iwahashi 1982) .
2-4. Effects of environmental endocrine disrup-
tors on sex differentiation in fish Man made chemicals which were emitted into the wild were pointed out having a bad influence upon the reproduction, growth, immunity in wild animals. Socalled endocrine disrupters (ED) issued to achieve analysis in the 1990s. From my doctoral thesis, the author learned that sex hormones even at a low dose, had adverse effects on sex differentiation. The author also felt that there is high probability that it has the serious effects of ED on sex differentiation in fish. For the first time, I observed the effects of ED on the reproduction in wild carp living in Tamagawa-river, Tokyo, in collaboration with Taisen Iguchi, Yokohama City University, and Akihiko Hara, Hokkaido University. We found abnormalities such as reduced number of sperm in the testis and hermaphrodite in the gonads of adult carp, and high levels of vitellogenine in male blood. These results of this reaearch were reported in two papers (Nakamura and Iguchi 1998; Hara et al. 2007) . Finally, Nakada et al. (2004) found that the estrogen derived from various organisms including humans are at high levels among the chemicals found in the effluent from sewage treatment in the Tamagawa river (Nakada et al. 2004) . We also reported the effects of ED on the reproduction of wild male flounder in Tokyo bay in collaboration with Hashimoto, Tokyo Fisheries University (Hashimoto et al. 2000) .
Present monograph will only discuss the effects of endocrine disruptors on sex differentiation in fish. It is known that there exist chemicals that adversely affect the reproduction, the immune systems and the growth of a variety of animals (Colborn et al. 1993) . These chemicals have been called environmental endocrine disrupters (EED). More recently, researchers have tended to use the phrase "hormonally active agents" (HAA).
Some EED bind to receptors of steroid hormones in cells and act as agonists or antagonists of steroid hormones. It is now recognized that EED disrupt the normal mechanisms by which endogenous steroid hormones act. It is well known that when exogenous steroid hormones are present in the environment of fish at around the time of sex differentiation, even when the concentration is extremely low, these steroid hormones have major and irreversible effects on the fish, such as sex reversal, hermaphroditism, and sterilization (Hunter and Donaldson 1983) . Therefore it is a great concern, that these EED, which have steroid activity, will also affect normal sex differentiation in wild fish.
Nonylphenol (NP), a well-known EED, has been detected in water samples taken from river and marine environments in Japan (Takada 1998) . This NP can induce vitellogenin (Vg) in males as a biomarker of EED, and it inhibits testicular growth in males of the rainbow trout Oncorhynchus mykiss (Jobling et al. 1996) . When hatchlings were treated with NP for 3 months, intersexuality was induced in a significant percentage of female medaka Oryzias latipes (Gray and Metcalfe 1997) . In the paper presented here, we report the effects of NP on gonadal sex differentiation in males of the amago salmon, Oncorhynchus rhodurus.
2-4A. Effects of nonylphenol on gonadal sex differentiation in amago salmon, O. rhodurus
Genetically controlled all-male amago salmon of the species O. rhodurus were obtained from the mating of YY-super males with normal XX-females. YY-super males were induced by androgenesis (Nagoya et al. 1996) . Eyed eggs were transferred to Teikyo University, Tokyo, from Inland Station, National Research Institute of Aquaculture, Mie Prefecture, where they were kept in fully aerated water at 12°C. After hatching they were cultivated in water at 15°C until use. About 70 larvae at 10 dph were kept in two aquaria (10 L). We used p-nonylphenol (NP) which was dissolved before use in dimethyl sulfoxide (DMSO). In the experimental group, enough NP in DMSO was added to the water to establish a concentration of 100 µg/L. DMSO was only added to the water in which the control group was kept. Water was changed every 1 or 2 days (total of 39 times) during treatment. Fresh NP was added whenever the water was changed. During treatment the water temperature was kept at about 15°C. Food for salmon juveniles (EP crumble; Japan Agriculture, Yokohama City, Japan) was given every day starting at 40 dph. NP treatment was stopped at 50 dph, and fish were cultivated in water containing no NP. During the treatment, the mortality rates for both the control group and the NP-treated group were low, less than 10% in both cases. At 90 dph, all fish in the NP-treated group were killed. Twenty-three fish in the control group were sampled.
It is generally accepted that treatment with sex hor- mones must cover the period from the undifferentiated stage through to the differentiated stage to induce complete sex reversal. Therefore, in order to examine the effects of EED on sex differentiation, treatment must continue for the same period. Ovaries differentiate in amago salmon at 20 dph (Nakamura and Nagahama 1993) . Thus, in the present study, treatment with NP covered the important period of gonadal sex differentiation.
The sex ratios in NP-treated and control groups are shown in Table 5 . All individuals in the control group had normal testes. They had gonial germ cells in the testes and they had developed efferent ducts near a vein and an artery indicating normal testicular differentiation (Fig. 81) . In order to examine all-males, 45 fish at 90 dph were sexed by histology, in addition to the control fish. As a result, all fish in normal and control groups had normal testes. From these results, we conclude that the fish used in the present study were of genetically all-male stock.
Twenty-five percent of individuals treated with NP had testes. These testes had gonial germ cells in the testicular tissue and had developed efferent ducts indicating normal testicular differentiation (Fig. 81) . There was no apparent histological difference between testes of fish in the control group and in the NP-treated group. Thirty-eight percent of fish treated with NP had ovaries. They had many developed oocytes at the perinucleolus stage (Fig. 82) . There was no testicular structure in these ovaries. The remaining 37% of fish had intersexual gonads in various combinations and at various stages of development. Some fish had intersexual gonads with some degenerating oocytes at the perinucleolus stage in testicular tissue (Fig. 83) . Other individuals had both ovarian tissue with normally developed auxocytes and testicular tissue with many spermatogonia in one gonad (Fig. 84) .
Discussion These results clearly show that NP has a feminizing effect that induces complete sex reversal in salmonid fish. In addition, in the medaka O. latipes, NP at a dose of 50-100 µg/L had a feminizing effect on sex differentiation (Gray and Metcalfe 1997) . It is interesting to compare the estrogenic potency of NP on sex differentiation in fish with that of natural estrogen, estradiol-17β (E 2 ). Extremely low doses (500 ng/L) of E 2 were effective in inducing 100% feminization of the masu salmon Oncorhynchus masou (Nakamura 1981 (Nakamura , 1984 Nakamura and Takahashi 1985) . Although we need to undertake experiments at various doses of NP and E 2 to accurately characterize the estrogenic potency of NP, it seems likely that the estrogenic potency of NP is very much lower than that of natural or synthesized estrogens.
Effects of environmental endocrine disruptors on gonadal sex differentiation in fish were reported in two papers (Nakamura and Iguchi 1998) .
Ultrastructural observations on the differentiation of steroid-producing cells (SPC) during the course of gonadal sex differentiation in fish
It is well known that various steroid hormones are involved in gonadal development in fish, as in other vertebrates. However, the role of steroid hormones in sexual differentiation and development of gonads of fish during ontogenesis is still poorly understood. Since Yamamoto (1953) achieved sex reversal in the medaka, Oryzias latipes, by the administration of exogenous sex steroids, artificial sex reversal using sex steroids has been accomplished in several fishes (reviewed Hunter and Donaldson 1983) . These facts indicate that endogenous steroid hormones may have an important role in the differentiation of gonads in fish, as hypothesized by Yamamoto (1969) . In spite of these facts, there is little direct evidence of the secretion of steroid hormones during the period of sex differentiation. showed that several enzymes essential for steroid hormone synthesis were present in the indifferent gonads of rainbow trout, Salmo gairdneri. However, most researchers reported that steroid hormone producing cells (SPC), which are thought to be the site of steroid hormone production, initially appeared after the completion of sex differentiation in several fishes (Takahashi and Iwasaki 1973; van den Hurk et al. 1974; Satoh 1974; Yoshikawa and Oguri Schreibman et al. 1982; Kanamori et al. 1985) .
In order to obtain the relationship between sex hormones and gonadal sex differentiation, we ultrastrucuturally examined the differentiation of SPCs in the processes of gonadal differentiation in Amago salmon O. rhodurus and in tilapia Oreochromis niloticus.
3-1. Ovarian differentiation in Nile tilapia, O.
niloticus For the ultrastructural observations, the gonads were autopsied from 10 to 50 dph in 3-5 days at intervals.
Sexually indifferent stage
A pair of gonadal primordia had already formed on both sides of the intestine at 10 dph (10.7 mm in average total length). The gonadal anlage consisted of the germ cells in the gonial stage and a few stromal cells surrounding the germ cells. The germ cells were of circular shape and had clear cytoplasm and a large nucleus. At 13-20 dph, germ and stromal cells gradually increased in number (Fig. 85) . A few blood vessels de- (Fig. 90) , and numerous steroid producing cells located in the area enclosing the blood vessels (Fig. 91, arrows) . Oc, ovarian cavity. Scale bars are 10 µm. Reprinted with permission of John Wiley & Sons, Inc. from Develop. Growth and Differ., 27, Nakamura and Nagahama, Steroid producing cells during ovarian differentiation of the tilapia, Sarotherodon niloticus, 701-708, Figs. 4-7,  1985, Wiley-Liss, Inc., a Wiley Company. veloped within the increased stromal tissue. By that stage, the SPCs could not be detected either by lightor electron-microscopy.
Ovarian differentiation Gonads of larva (16.9-17.7 mm in total length) at 23-26 dph could definitely be identified as ovaries, by the development of stromal cells. The ovary characteristically contained stromal aggregations in the distal and proximal region of the gonad facing that lateral wall. This represented the initial formation of the ovarian cavity (Fig. 86) . Germ cells gradually increased in number, but still remained in the gonial stage. A few prominent cells were mainly observed in the vicinity of blood vessels which were located in the stromal tissues on the side facing the mesentery (Fig. 86) . The overall shape of the nuclei of these cells was circular or round but the nuclear membrane had many convolutions. Ultrastructurally, a moderate number of mitochondria with poorly developed tubular cristae, were distributed throughout the cytoplasm (Fig. 87) . Some mitochondria, especially those of relatively large sizes, were sporadically found to contain electron dense granules of various sizes in their matrices. The cytoplasm contained mostly smooth endoplasmic reticulum with electron translucent contents. A large number of free ribosomes were scattered in the cytoplasm (Fig. 87) . Thus, some of these ultrastructural features correspond with those of SPCs described in other adult teleosts (Lofts and Bern 1972; Nagahama et al. 1978) . Based on these ultrastructural criteria, together with the present finding that these cells further differentiated into the typical SPCs at older stages, these cells were identified as SPCs.
At 30-35 dph (21.7-23.9 mm in total length), the ovary characteristically contained some cysts of premeiotic oocytes, together with an increase in gonial germ cells (Figs. 88, 89) . The oocytes in a cyst intimately contacted with each other. Their nuclei were large in size and located in the central region of the cytoplasm. They were oval, round or irregular in shape, with synaptonemal complexes of various features (Fig.  89) . A few germ cells further developed into auxocytes in the early peri-nucleolus stage. The stromal aggregations in the proximal and distal region of the ovary further elongated and finally fused with each other in the anterior region of the ovary. As a result, a long cavity (i.e., ovarian cavity) was formed on the lateral side of the ovary. The number of SPCs gradually increased near the blood vessels on the side facing the mesentery (Fig. 89) . The nuclei of SPCs became almost circular shaped. The convolutions, which were located in the surface of nuclei, disappeared by this stage. As a result, the surface of nuclei becomes smooth. At this stage, mitochondria with tubular cristae became more numerous. At the same time, there was also an increase in the amount of tubular smooth endoplasmic reticulum.
In the ovary at 40-50 dph (31.5-43.2 mm in total length), auxocytes and cysts of pre-meiotic germ cells remarkably increased in number (Fig. 90) . As a result, the ovary significantly increased in size. A further increase in the number of SPCs was apparent in the region enclosing the blood vessels (Figs. 90, 91) . However, the SPCs could not be observed in the regions between the oocytes or in the wall of the ovarian cavity just formed by the stromal elongations. Ultrastructural features of SPCs (Fig. 92) were essentially the same as those observed in the preceding period (30-the same time as morphological ovarian differentiation. A preliminary study using radioimmunoassay technique has revealed that detectable amounts of testosterone, but not estradiol-17β, are present in the ovary of tilapia at about 30 dph (Nakamura and Nagahama, unpublished) . These results strongly suggest that the ovary of tilapia at this stage is capable of producing steroid hormones, at least testosterone. Takahashi and Iwasaki (1973) suggested that androgen secretion occurring in the early phase of testicular development acts in the control of testicular organogenesis in the guppy. In the black molly, steroids produced by testicular SPCs have been proposed to be involved in the onset and maintenance of spermatogenesis, and the differentiation and function of the testicular efferent duct system (van den Hurk et al. 1974) . It has also been suggested that in the platy fish, the steroids produced in very young gonads function in the proliferation of spermatogonia and duct formation in the testis, and in the formation of oogonia in the ovary (Schreibman et al. 1982) . In the present study, the initial differentiation of SPCs in tilapia was closely associated with the time of differentiation of stromal aggregations forming the ovarian cavity. Moreover, the increase in number of SPCs coincided with the multiplication of oogonia and the transformation from oogonia to oocytes. These observations suggest that the steroids produced play a role not only in stromal differentiation (e.g., ovarian cavity formation), but also in the differentiation of germ cells (e.g., the multiplication of oogonia and the differentiation from oogonia to oocytes). On the other hand, SPCs in the testis of tilapia also appeared at the same time as initial testicular differentiation at 23-26 dph. Unlike the SPCs of the ovary, however, the rapid increase in number of SPCs could not be observed for a long time thereafter. SPCs in the testis rapidly increased in number at the same time as the onset of spermatogonia cyst formation just prior to meiosis for spermatogenesis. Similarly, Kanamori (1984) found that meiosis in the testis of medaka occurred at the same time as the striking increase in the number of SPCs. Thus, it is presumed that, also in the testes of tilapia, steroid hormones play a role in inducing the onset of the increase in number of spermatogonia.
SPCs in the ovary of tilapia initially appear in the vicinity of blood vessels located in the stromal tissues on the side facing the mesentery. Thereafter, in parallel with the development of the ovary, the SPCs gradually increased in number in the restricted site enclosing the blood vessels. Also, in the testis, SPCs first appeared in the same location as the ovary (Nakamura and Nagahama, unpublished) . Thus, this finding convincingly suggests that the SPC originates from the stromal cells in the vicinity of blood vessels during the period of the initial ovarian and testicular differentiation in tilapia. In the testes of Poeciliidae, SPCs ap-35 dph) and were typical of SPCs described in other adult teleosts (Lofts and Bern 1972; Nagahama 1983) .
Discusion
The results of the present study demonstrating that in the tilapia, O. niloticus, SPCs in the ovary first appear at the same time as the morphological ovarian differentiation at 23-26 dph, differ from those reported for other teleosts. Satoh (1974) has reported that in the medaka, SPCs could be identified in electron micrographs only after the beginning of gonadal sex differentiation. They appeared earlier in the testis than in the ovary. These observations were confirmed in the same species by Kanamori (1984) . These results contradict Yamamoto's hypothesis (1969) that steroid hormones are the natural sex-inducers of the medaka. Similarly, in the rainbow trout, van den demonstrated that SPCs in the ovary and the testis appeared after the onset of gonadal sex differentiation. Histochemical activity of 3β-HSD in the testes of the juvenile guppy, Poecilia reticulata, (Takahashi and Iwasaki 1973) , and the black molly, Molleienisia latipinna (van den Hurk et al. 1974) , and in the gonads of young platy fish, Xiphophorus maculates (Schreibman et al. 1982) , was also first noted after sex differentiation of the gonads was completed. Thus, so far as we know, there are no reports describing the initial appearance of SPCs prior to or during morphological gonadal sex differentiation. The present study is the first report of the appearance of SPCs at peared in the central stroma and among the spermatogonia in two lateral regions of the testes (Takahashi and Iwasaki 1973, in guppy; van den Hurk et al. 1974, in black molly; Schreibman et al. 1982, in platy fish) . In the testis of medaka, SPCs appeared in the interstitium of the ventral zone of the gonads (Satoh 1974 : Kanamori 1984 . In the gonads of these fishes, the right and left gonads fuse with each other in the process of gonadal formation.
The changes of structures in SPCs could be also observed in parallel with the development of the ovary. In the SPCs at the time of initial appearance, the nuclear membrane had many convolutions. Moreover, cristae in mitochondria were poorly developed, though they revealed tubular in shape, when compared with those in SPCs of the ovary at 30-50 dph. It seems likely that these differences in structure of SPCs are based on the difference of productivity of steroid hormones. Thus, it is assumed that SPCs in the ovary of fish at 30-50 dph are more active in the production of steroids than those in the ovary at the time of initial ovarian differentiation.
3-2. Testicular differentiation in the Nile tilapia, O. niloticus Sexually indifferent stage
Gonads of fish at 10-20 dph consisted of a few large primordial germ cells and stromal cells surrounding the germ cells (Fig. 93) . Both germ cells and stromal cells gradually increased in number gradually during this stage. A few blood vessels developed in the stromal tissue. There was no ultrastructural evidence of steroid producing cells in the indifferent gonads.
Testicular differentiation
Gonads of fish at 23-26 dph were divided into two types by morphological characteristics. In one type of gonad, loose connective tissue developed on the side facing the intestinal mesentery (Fig. 94) . A few blood vessels were distributed in this tissue. This connective tissue was also seen in the testes of adult tilapia (Fig.  101) , although its function is uncertain. A few large germ cells were distributed only on the side facing the lateral wall. The second type gonad had a differentiation of stromal aggregations in the proximal and distal region of the gonad on the side facing the lateral wall, which represented the initial formation of the ovarian cavity. This type of gonad had some cysts of gonial germ cells as well as individual germ cells. Thereafter, the former gonad type differentiated into testis and the latter into ovary. A few characteristic stromal cells appeared near the blood vessels in the testis of fish at 23-26 dph. They had a circular or oval nucleus with many convolutions, and a large amount of cytoplasm (Fig. 94) . Ultrastructural characteristics of these cells were the many mitochondria with tubular cristae, free ribosomes and extensive smooth endoplasmic reticulum (Fig. 95) . These features are almost the same as those of Leydig cells (LCs) in the testes of other fishes (Lofts and Bern 1972) . From these features, these cells were identified as LCs. Although ultrastructural observations concentrated on LCs, Sertoli cells were also observed in proximity to gonial cells in this and subsequent stages.
In testes of fish at 30-35 dph, a slit-like space appeared in the developed stromal tissue located in the central region (Fig. 96) . During subsequent development, this space could be identified as the efferent duct anlage. The number of spermatogonia gradually increased in the stromal tissues of the testis on the side facing the intestinal mesentery from 30-50 dph (Figs.  96, 97) . A few LCs first appeared in the interstitial regions among the spermatogonia at 50 dph (Fig. 98) . Figs. 96-100. Cross sections (epen-embedded 1 µm section) of testes of O. niloticus at 35 dph (Fig. 96 ) and at 50 (Fig.  97 ) dph. The development of an efferent duct (ED) as a slit in the stromal tissue begins (Fig. 96) . Leydig cells (LCs) are seen in the loose connective tissue (CT) (Fig. 97) . SG, spermatogonia. Fig. 98 : An electron micrograph of a portion of a Leydig cell in the testis at 50 dph. Mitochondria with tubular cristae, free ribosomes and endoplasmic reticulum are distributed throughout the cytplasm. Fig. 99 : A cross section (epon-embedded 1 µm section) of testis at 70 dph, revealing the cysts of spermatogonia (SG) and clusters of Leydig cell (arrows) in the interstitial region. ED, efferent duct; CT, connective tissue. Epithelial cells developed and lined the efferent duct (Fig. 97) .
Spermatogonia rapidly increased in number and formed cysts in the testes of fish by 70 dph (Figs. 99,  100 ). LCs were numerous at this stage in the interstitial regions among cysts of spermatogonia (Fig. 103) . In contrast, LCs near the blood vessels were still few in number. Active spermatogenesis began in the testes of certain fish by 100 dph (Fig. 101) . Many cysts containing spermatogenic germ cells at various stages were distributed throughout the testes (Fig. 101) . Epithelial cells of the efferent duct developed in this stage. Many apocrine figures, representing the secretion of fluid substance, were seen in these cells (Fig. 102) . Clusters of LCs were seen throughout the interstitial regions. LCs in this stage had many mitochondria with well-developed tubular cristae, a well-developed endoplasmic reticulum and free ribosomes, indicating active steroidogenesis (Fig. 103) .
Changes in tissue and serum testosterone levels during testicular differentiation and development are shown in Fig. 104 . Testosterone was first detectable in both tissue and serum of the first at 40-50 dph, but at very low levels (4-11 pg/testis, 789-639 pg/ml). Testosterone levels in both tissue and serum gradually doi:10.5047/absm.2013.00601.0001 © 2013 TERRAPUB, Tokyo. All rights reserved. increased in the fish by 70 dph (18 pg/testis, 867 pg/ ml). Testosterone levels rapidly increased concomitant with the onset of spermatogenesis in the fish at 100 dph (29 pg/testis, 1748 pg/ml) and was still higher in the fish at 150 dph (2934 pg/ml).
Discussion It is well known that LCs in testis have ultrastructural characteristics such as mitochondria with tubular cristae, smooth endoplasmic reticulum and free ribosomes (Lofts and Bern 1972) . In the present study, LCs with these characteristics differentiated at the beginning of testicular differentiation. Previous studies on the development of SPCs (LCs) during the process of gonadal differentiation in teleost fishes have used ultrastructural and histochemical methods (see Introduction) . In these studies, SPCs were first observed after the initiation of gonadal sex differentiation.
The appearance of LCs was restricted to the area near the blood vessels, mainly located on the side facing the intestinal mesentery. The time and site of first appearance of LCs are consistent with the time and site of the appearance of SPCs in the ovary of female O. niloticus . However, the later development of SPCs (LCs) was very different in testes and ovary. SPCs in the ovary rapidly increased in number near the blood vessels by 50 dph. An increase of LCs was very slow during the first 50 dph. A rapid increase of LCs occurred in the interstitial region in the testes of fish after 70 dph. The increase of LCs was concomitant with the increase of spermatogonia and testosterone. Kanamori et al. (1985) reported that the rapid increase of LCs occurred at the same time as the increase of spermatogonia in the testes of medaka, Oryzias latipes. Testosterone originating from increased numbers of LCs may be responsible for the increase of spermatogonia in the testes of tilapia.
It is still unknown if steroid hormones are directly involved in the initiation of natural sex differentiation in fishes, although the enzymes essential for steroidogenesis were identified in the indifferent gonads of rainbow trout . Rothbard et al. (1987) examined the changes in steroid concentrations during sexual ontogenesis in three species of tilapia including O. niloticus and in hybridized all-male progeny. Steroid concentrations in developing tilapia were divided into three phases. In the first phase (up to 3-4 weeks), steroid levels were relatively high, and then declined to undetectable levels, corresponding to a continuous decrease in testosterone and estradiol-17β stored in the egg. The second phase (4-6 weeks), corresponds to the critical phase in sex reversal when treated with exogenous androgens. Endogenous steroids during this phase were very low. In the third phase (6-12 weeks), endogenous steroids gradually increased. In this phase, testosterone concentrations in 100% male progeny were unimodal. In contrast, testosterone concentrations in females and males mixed progeny showed a clear tendency toward peaks of distribution, while estradiol remained low. From these results, the authors presumed that testosterone increased only in presumed females and this increase was a result, rather than the cause, of sex differentiation. In the present study, testosterone levels were low in the male at 40-50 dph, just after initial sex differentiation. In preliminary experiments, testosterone (0.1-10 mg/g diet), administered for one month following the first feed, failed to induce sex reversal in tilapia larva, although this steroid stimulated the development of efferent ducts in testes and induced the differentiation of efferent ducts in ovaries. It is known however that an artificial exogenous androgen (methyltestosterone) can induce sex reversal during this period (Nakamura and Iwahashi 1982) . It seems doubtful however, that the naturally occurring testosterone is involved directly in the initial sex differentiation in O. niloticus. Testosterone in this period may play a role affecting the architecture of the testes, such as affecting the development of connective tissue and the efferent duct, rather than acting as the primary sex inducer.
Serum 11-ketotestosterone concentrations were very 
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Figs. 109-112. Differentiating ovary of tilapia in genetic female around 25 dph, immunostained with anti-P450scc (Fig. 109) , P450c17 (Fig. 110 ), 3β-HSD (Fig. 111) and P450arom (Fig. 112) . Strong positive reactive cells against four antibodies are seen near the blood vessels. Scale bar = 20 µm.
Figs. 105-108. Undifferentiated gonads of tilapia in genetic female around 15 dph immunostained with anti-P450scc (Fig. 105) , P450c17 (Fig. 106 ), 3β-HSD (Fig. 107) and P450arom (Fig. 108) . Strong positive reactive cells (large arrows) against four antibodies are seen near the blood vessels (small arrows). Scale bar = 20 µm.
low (<1 ng/ml) even in mature males (unpublished data). This confirms the findings of Rothbard et al. (1987) , although other workers have reported high production of this steroid in some species of tilapia (Katz and Eckstein 1974; Kime and Hyder 1983) . Thus, in the present study, 11-ketotestosterone was not measured. Ultrastructural observations on the differentiation of steroid-producing cells during the course of gonadal sex differentiation in fish were reported in the following papaers , 1989a , 1989b Rukusana et al. 2011 ).
Role of endogenous sex hormones in sex differentiation in fish
It is difficult to determine from ultrastructural study what steroid hormones are produced by SPCs in the gonads around the time of sex differentiation. Steroid hormones (estrogens and androgens) are synthesized by several steroidogenic enzymes from cholesterol in the gonads. In the early 1990s, cDNA encoding several steroidogenic enzymes have been cloned and their sequences were determined (Nagahama 1994 (Nagahama , 2000 Nagahama et al. 1995) . Based on these sequences, researchers synthesized the peptides and then generated specific antibodies against four steroidogenic enzymes, trout cholesterol side-chain cleavage P450 (P450scc), tilapia 3β-hydroxysteroid dehydrogenase (3β-HSD), tilapia cytochrome P45017α-hydroxylase/17,20 lyase, (P450c17) and tilapia cytochrome P450 aromatase (P450arom) that essential for the biosynthesis of all major sex steroid hormones including estrogens and androgens (Kobayashi et al. 1996; Chang et al. 1997; Morrey et al. 1998) . Especially, P450arom is the critical enzyme that must be present in order to biosynthesize estraiol-17β (E 2 ) from testosterone. In order to determine the relationship between endogenous sex hormones and sex differentiation, differentiating gonads of genetically controlled all-female and all-male tilapia were immunohistochemically stained doi:10.5047/absm.2013.00601.0001 © 2013 TERRAPUB, Tokyo. All rights reserved. using these antibodies.
To further elucidate the involvement of endogenous estrogen in the gonadal sex differentiation in fish, the effect of the aromatase inhibitor (AI) on gonadal sex differentiation in the Nile tilapia, O. niloticus and the golden rabbitfish S. gutatus were examined. Aromatase inhibitors are steroidal and nonsteroidal compounds that inhibit aromatase activity, which catalyzes the biosynthesis of estradiol-17β (E 2 ) from its precursor testosterone, resulting in reduced estrogen production (Steele et al. 1987) .
4-1. Expressions of steroidogenic enzymes in the
gonads during sex differentiation in Nile tilapia, O. niloticus In order to determine the relationship between endogenous sex hormones and sex differentiation, differentiating gonads, ovaries and testes from genetically controlled all-female and all-male progeny were immunohistochemically stained using antibodies against four steroidogenic enzymes, cholesterol side-chain cleavage P450 (P450scc), 3β-hydroxysteroid dehydrogenase (3β-HSD), cytochrome P45017α-hydroxylase/ 17,20 lyase, (P450c17) and cytochrome P450 aromatase (P450arom).
Immunopositive cells against all antibodies first appeared in the vicinity of blood vessels located in the lateral side facing mesentery in the gonads of genetic females at 10-20 dph before morphological ovarian differentiation (Figs. 105-108) . A further increase in the number of strong immunopositive cells was seen in the differentiating ovary of fish at 25 dph (Figs. 109-112 ). Immunopositive cells against antibodies increase more in number in the intersticies among oocytes accompanied with the development of ovary (Figs. 113-115) . In contrast, immunopositive cells against four antibodies were not observed in the gonads of undifferentiated and differentiating testes of genetic males (Figs. 116, 117) . Weakly immuopositive cells to P450SCC, 3β-HSD and C17 first appeared in the testes of fish after testicular differentiation (Fig. 118) . Stronger positive reactions were seen in the testes of fish at 70 dph just before the onset of spermatogenesis (Fig. 119) . Aromatase immunoreactivity was never found in the testes. Discussion All enzymes were detected in the undifferentiated gonads of genetic females. Immunopositive cells increased in number concomitant with ovarian differentiation. From these results, it is concluded that estrogen and other endogenous steroid hormones play important roles in ovarian differentiation in this fish species. In contrast, there was no immunoreaction in the undifferentiated gonads of genetic males, while weak Figs. 113-115 . Ovaries of tilapia in genetic females at 50 (Fig. 113), 80 (Fig. 114) and 120 (Fig. 115 ) dph, immunostained with anti-3β-HSD (Fig. 113), 3β-HSD (Fig.  114) and P450arom (Fig. 115) (Fig.  118) and 70 (Fig. 119 ) dph, immunostained with anti-3β-HSD (Fig. 118) and P450c17 (Fig. 119) . Weak reactions appeared in the testis of tilapia at 35 dph. Many strong positive reactions appeared in the testis of tilapia at 70 dph. Scale bar in Fig. 118 immunopositive reactions first appeared in the testes after testicular differentiation. Thus, it is less likely that androgen and its family of steroid hormones play analogous roles in testicular differentiation.
4-2. Effects of aromatase inhibitor (AI) on sex
differentiation in Nile tilapia, O. niloticus and golden rabbitfish S. gutattus From the immunohistochemical observations using four steroidgenic enzymes anti-bodies (AB), it is possible to suggest that endogenous estrogen functions as an ovarian inducer. To further clarify the roles of endogenous estrogen which induces ovarian differentiation, we examined the effects of an aromatase inhibitor (AI, Fadrozole) at doses of 100 (AI100), 200 (AI200) and 500 (AI500) µg/g diet on genetically controlled, all-female tilapia from 8 dph for 22 days.
The sex distribution of each group is shown in Table  6 . Histological analysis at 62 and 80 dph showed that all fish in groups AI 200 and AI 500 had testes. Cysts of spermatogenic germ cells were observed in the testes of some of these fish. Single oocytes at the stage of peri-nucleolus rarely occurred in some testes (less than 10%). We also observed well-developed efferent ducts. These fish in the AI 100 group had developed ovaries. The others had testes, although we only observed a single auxocytes in the testes examined. All specimens that had received both AI (500 µg/g diet) and E 2 (250 µg/g diet) had developed ovaries. All fish in the control group had well developed ovaries. Sex reversedmales had well-developed testes (Figs. 120, 121 ). They mated with normal females and produced all-female offspring, indicating functional sex reversal.
In addition to the experiments with AI, Tamoxifen (antagonist of estrogen) at doses of 1-10 mg/g diets were given to all-female larva from 8 dph for 150 days. Although most fish treated with Tamoxifen at 1 mg/g diet had ovaries, apparent delay of development of oocytes and delayed of ovarian cavity formation were observed. All fish treated with Tamoxifen at 2 mg/g diet had gonads both with testicular tissue and ovarian tissue. All fish treated 5 and 10 mg/g diets were dead by the end of treatment.
To further elucidate the involvement of endogenous E 2 , the effect of the aromatase inhibitor (AI) Fadrozole (500 µg/g diet) on gonadal sex differentiation in the golden rabbitfish was examined for different periods of treatment for 30 or 90 days from undifferentiated gonad.
The sex ratios in each experimental group are shown in Fig. 122 . Although the male proportion of the control group was 47%, the gonads from the 30-day and 90-day groups showed significant bias toward male gonads (87 and 100%, respectively). The remaining two gonads (13%) from the 30-day group appeared as deformed ovaries. One of 14 fish from the 90-day group possessed a gonad with testicular appearance, which was occupied mostly by gonial-stage germ cells and by sporadically distributed testis-ova (image not shown).
The ovaries from the control group had oval crosssectional contours accompanied by ovigerous lamellae of even height (Fig. 123) . In contrast, the two ovaries from the 30-day group exhibited undulating contours with irregularly shaped ovigerous lamellae (im- age not shown). The testes of the control fish showed advanced spermatogenic germ cells and the seminal duct was filled with sperm ( Fig. 124) . 54% and 64% of the testes from the 30-day and 90-day groups, respectively, had indentations on the lateral sides (Figs.  125, 126) , suggesting sex reversal from females to phenotypic males, while others were similar to the testes in the control group (Figs. 127, 128 ). The testes with indentations in the 30-day and 90-day groups also had advanced spermatogenic germ cells, including sperm, and the seminal ducts of 63% of the indented testes from the latter group were filled with sperm ( Fig.  127, inset) . Discussion Ninety days of administering fadrozole in the 500 µg/g diet group also resulted in 100% masculinization of S. gutattus. Those testes having indented crosssectional contours, which were interpreted as traces of interrupted ovarian cavity formation, were identified as sex-reversed gonads and clearly distinguished from those of ab initio male fish. S. guttatus that were masculinized by the AI treatment appeared to be sexually functional, based on the observation that the seminal ducts of some specimens were filled with free sperm. The present study is the first to demonstrate the masculinizing effect of an AI on the sex differentiation of a gonochoristic tropical marine teleost and collaborates previous reports on temperate marine species, e.g., European sea bass (Piferrer et al. 1994) and Japanese flounder (Kitano et al. 2000) . Kitano et al. (2000) indicated that estrogen is a regulatory factor in the ovarian differentiation of the Japanese flounder, based on the fact that the effects of AIs on sex differentiation in this species were counteracted by the coadministration of estradiol-17β (E 2 ). In the medaka, however, endogenous estrogen is not considered essential for female sex determination, sex differentiation or early oogenesis because treatment with either an AI or an antiestrogen drug (tamoxifen) did not masculinize genetic females, although the latter completely inhibited the feminization induced by exogenous E 2 (Kawahara and Yamashita 2000) . The possibility that endogenous estrogen, which is thought to be acquired maternally, is solely a natural sex inducer of early ovarian differentiation in the medaka is likely to be eliminated based on the lack of difference in the E 2 contents of female and male embryos (Iwamastu et al. 2005) . In addition, the gonadal expression of aromatase mRNA was first detected after the occurrence of oogenesis (Suzuki et al. 2004) . Thus, whether estrogens are involved in ovarian differentiation remains controversial. In the present study, the AIinduced masculinization of the female golden rabbitfish, which strongly suggests that estrogen is involved in ovarian differentiation and that its suppression is an essential prerequisite for testicular differentiation in this species.
4-3. Effects of methyltestosterone on sex differ-
entiation and suppression of steroidogenic enzymes in the Nile tilapia, O. niloticus Exogenous androgens markedly induce masculinization in fish, although endogenous androgen has no important role in testicular differentiation, as shown in previous results (Subsection 4-1) . The endocrine and molecular mechanisms involved in these changes remain unclear. To further clarify the mechanism of androgen-induced testicular differentiation, we treated female tilapia O. niloticus with methyltestosterone (MT at a dose of 50 µg/g diet) and examined the expression of P450 cholesterol-side-chaincleavage, 3β-hydroxysteroid dehydrogenase, and cytochrome P450 aromatase (P450arom) in the gonads. The gonads of treated-and control fish at 15 dph consisted of gonial large germ cells interspersed among some somatic cells. Immunopositive somatic cells were readily detected in the gonads of control fish. In contrast, immuno-positive cells were about to disappear in the gonads of MT-treated fish. Gonads of control fish at 30 dph had two stromal elongations (ovarian cavity formation) and some cysts of meiotic germ cells (oogenesis, Figs. 129-131) , both typical characteristics of normal ovarian differentiation in tilapia . The same characteristics, however, were not observed in gonads of MT-treated fish (Figs. 132-134) , which consisted of single germ cells surrounded by somatic cells. Immuno-positive cells were not seen in gonads at 30 dph (at the end of MT treatment) (Figs. 132-134) , whereas clusters of strong immunopositive cells for all three enzymes appeared in the vicinity of blood vessels in the differentiating ovaries of control fish (Figs. 132-134) .
At 62-80 dph all MT-treated fish had developed testes (Table 7) containing efferent ducts and spermatogonia, indicating normal testicular differentiation and development (figures not shown). Some germ cells had entered meiosis in the testes at 80 dph. In contrast, all control fish had developed ovaries with many oocytes at the perinucleolus stage.
Discussion MT treatment during the period of sex differentiation completely masculinized all-female tilapia in the present study. Steroid biosynthetic capacity in tilapia precedes histological gonadal differentiation. Immunohistochemical analysis using antibodies against gonadal P450scc, 3β-HSD, P450C17, and P450arom showed that these enzymes are indeed present in the pre-differentiating ovary. In contrast, testicular differentiation proceeds without the expression of these enzymes, suggesting that sex steroids do not play major roles in testicular differentiation  Figs. 129-134. Photographs of gonads of Nile tilapia Oreochromis niloticus. Control gonads of fish at 30 dph immuno-stained with P450scc (Fig. 129) , 3β-HSD (Fig. 130) , and P450arom (Fig. 131) . Clusters of strong immunopositive cells are seen. Large arrows indicate the stromal elongations for the ovarian cavity formation. A cyst of meiotic germ cells (small arrows) is also visible. MT-treated gonads at 30 dph immuno-stained for P450scc (Fig. 132) , 3β-HSD (Fig. 133) , and P450arom (Fig. 134) 2001), suggesting that one of the masculinizing actions of androgens in this species might be the downregulation of female-specific gonadal P450arom gene expression. Similar results of P450arom gene downregulation have been documented for several species during high water temperature and androgen (MT) induced sex reversal (Kitano et al. 1999 (Kitano et al. , 2000 D'Cotta et al. 2001) . In addition, selective inhibition of E 2 production via aromatase inhibitor (AI) treatment causes female to male sex reversal in a variety of fish species (Piferrer et al. 1994; Kitano et al. 2000; Kwon et al. 2000; Afonso et al. 2001; Kobayashi et al. 2003) , including adults (Bhandari et al. unpublished) . These results suggest that to masculinize females, direct or indirect inhibition of E 2 synthesis is necessary.
The role that endogenous sex hormones play in sex diffeentiation in fish was reported in several papers (Nakamura et al. , 1999 (Nakamura et al. , 2006b ).
Conclusion In Section 2
In order to clarify the morphological characteristics of gonadal sex differentiation in teleost fish, the process of sex differentiation was histologically examined in several species of fish. In conclusion: (1) The sexspecific organization of somatic cells in the gonads of teleost fish provides valid criteria for determining gonadal sex at a very early phase of gonadal develop- Table 7 . Effects of methyltestosterone (MT) on gonadal sex differentiation in Nile tilapia. All fish treated with MT had well-developed testes, indicating complete sex reversal from genetic female to phenotypic male. Devlin and Nagahama 2002). Despite these findings, exogenous androgens actively induce testicular differentiation in XX females. In the present study, untreated (control) fish showed normal ovarian differentiation with expression of all steroidogenic enzymes in the gonad, whereas MT treatment suppressed expression of all steroidogenic enzymes, including P450scc (the gateway for steroidogenesis). Unlike tilapia, testicular differentiation in rainbow trout shows a somewhat different mechanism. All the steroidogenic enzymes, including 11β-hydroxylase (P45011b), that catalyzes androgen biosynthesis, are distinctly expressed during the testicular differentiation in rainbow trout Liu et al. 2001) . 11β-Hydroxyandrostenedione (11β-OHA)-induced sex reversal in the same species involves upregulation of the P450scc mRNA expression and downregulation of 3β-HSD and P450arom (Govoroun et al. doi:10.5047/absm.2013.00601.0001 © 2013 TERRAPUB, Tokyo. All rights reserved.
ment. In most of the previous studies dealing with natural or experimental sex differentiation in teleosts, changes in germ cells have been used as the main criteria for determining gonadal sex. In many species of telosts, however, this may occur at a considerably late phase of gonadal development, especially for males. Thus, the initiation of "physiological" sex differentiation of the gonad i.e., the time of the first activation of sex-determining genes, influencing both the somatic and germinal components of the gonads, is often incorrectly determined. By taking the sex-specific organization of gonadal somatic cells into consideration, the period of physiological sex differentiation of the gonad as a whole, particularly for the testes, can be unambiguously determined by simple histology. This is significant in any attempt to reverse the sex of fish artificially by manipulating environmental factors; (2) Sexual characteristics of triploid salmonids were examined from an endocrinological viewpoint. The ovaries of triploids only had immature oocytes and low levels of steroid hormone production indicating sterility. In contrast, testes in triploids potentially had a small amount of sperm and some steroid hormone production, yet revealed abnormal testicular differentiation; (3) The feminization or masculinization of T. mossambica-with estrogen or androgen treatments, respectively-and the feminization of O. masou with estrogen, was established in the present study. Masculinization of O. rhodurus by short-term treatment with methyltestosterone (MT) was also possible when the treatment was carried out in the sexually undifferentiated stage or only after the initiation of sex differentiation, and when it was carried out over a shorter period of days covering the two stages. These facts suggest that a phase of physiological sex differentiation in germ cells may exist prior to the stage of histologically discernible sex differentiation of the gonads. This is considered to be critical for sexhormone-induced sex reversal in fish; hormonal treatments may be capable of bringing about a complete and functional sex reversal, but only when they are carried out at a specific stage of physiological sex differentiation and throughout the stage of morphological sex differentiation; and (4). The effects of endocrine disruptors (ED) on sex differentiation in O. rhodurus were examined. A high dose of nonylphenol (NP), one of the ED, had the ability to induce sex reversal from genetic males to phenotypic females in O. rhodurus.
In Section 3
In order to clarify the role that endogenous sex hormones play in sex differentiation, ultrastructural studies of the gonads of O. niloticus in the sexually undifferentiated stage as well as in stages of sexual differentiation were undertaken in order to identify the steroid-producing cells (SPCs), which are the cells responsible for sex hormone production. Early differentiation of SPCs occurs in the gonads around the time of gonadal sex differentiation in both species. From this finding, it was concluded that near the time of sex differentiation gonads have the potential to produce steroid hormones and these steroid hormones may play an important role in the sex differentiation of undifferentiated gonads into either ovaries or testes.
In Section 4
To identify the sex hormones produced from the SPCs in the differentiating gonads of O. niloticus using genetically controlled all-females and all-males, the presence of steroid enzymes essential for sex hormone production was immunohistochemically identified using four anti-bodies (AB) against cholesterol side-chain cleavage P450 (P450scc); 3β-hydroxysteroid dehydrogenase (3β-HSD); cytochrome P45017α-hydroxylase/ 17,20 lyase (P450c17); and cytochrome P450 aromatase (P450arom). (1) Positive immunoreactions for all four ABs became evident for the first time in the undifferentiated gonad of a genetic female. Strong positive results against four AB in differentiated ovaries increased in number. However, positive reactions to the four AB were not observed in either the undifferentiated or differentiated gonads of genetic males. Weak immunopositive reactions, with the exception of P450arom, first appeared in the testes after differentiation. These findings strongly suggest that SPCs in undifferentiated and differentiated ovaries have the potential for estrogen production, and that this estrogen may play a role in ovarian differentiation. (2) Further studies support this finding. Treatments with aromatase inhibitor around the time of sex differentiation in genetically controlled all-female O. niloticus and S. guttatus brought about masculinization. Tamoxifen (antagonist of estrogen) induced masculinization in the gonads of genetically female tilapia. (3) Treatment with methyltestosterone around the time of sex differentiation in the genetic female suppressed the expression of four steroidogenic enzymes including P450arom. The gonads of genetic all-females differentiated into functional testes with active spermatogenic germ cells. From the results of ultrastructural, immunohistochemical and pharmacological studies, it is concluded that endogenous estrogen acts as an ovarian inducer (Fig.  135) .
These conclusions are summarized in papers available in both Japanese and English (Nakamura et al. , 2006b Nakamura 2000; Strüssmann and Nakamura 2002; Nagahama et al. 2004) .
